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Summary:

The objectives of this research project were to genetically and bio-
chemically extend our understanding of the regulation of the enterotoxins
produced by the staphylococci. In particular, we needed 1) to know why
enterotoxin B (SEB) existed as a plasmid gene in some strains and a chromo-
somal gene in other strains, 2) why either genetic conformation of SEB was
intimately associated with both methicillin (mec) and tetracycline (tc)
resistance for establishment and transfer, 3) how tetracycline plasmids (and
possibly other small plasmids) strongly influenced the expression of the SEB
gene, entB, 4) to extent genetic studies to include the 5 described serotypes
of staphylococcal enterotoxin. The methods of investigation relied on trans-
formational and transductional analysis to obtain genetic data; on plasmid
characterization by restriction mapping and cloning and by in vitro protein
synthesis of enterotoxin genes.

A summary of results obtained thusfar is as follows:

1) Plasmid DNA analysis of 16 mec” SEBY isolates showed that the
entB plasmid was present in only 6 strains (37.5%). All of the other
isolates contained typical penicillinase plasmids and smaller plasmids
responsible for tetracycline or chloramphenicol resistance.

2) Genetic analysis of two strains (S. aureus DU-4916 and 592)
which contain the 1.15 x 106 dalton entB plasmid confirmed that the toxin
gene was extrachromosomal while similar studies of isolates which lack the
entB plasmid demonstrated that the gene was chromosomal.

3) Transduction and transformation of mecT to sensitive strains
did not reveal linkage of mec and entB. However, both genes could be
cotransduced at low frequencies with a plasmid responsible for resistance to
tetracycline. We have proposed that the tetracycline resistance plasmid may
act as an intermediate vector in the establishment of the mec® SEBY phenotype.
The data presented in the enclosed manuscript (appendix 1) suggests that
although these 3 genetic elements are not linked they are capable of a
transient interaction.

4) Transduction of entB into a recombination deficient host
showed that only plasmid entB genes could be so transferred. Chromosomal
entB was not established. This finding suggests that chromosomal entB does
not possess the ability to translocate. However, because of the inability
to directly select for entB further evaluation of transposability is needed.
These data are presented in the manuscript designated appendix 2.

5) We have also extended our studies on the genetics of entero-
toxin synthesis fo enterotoxin SECj;. We have examined the plasmid DNA
profile of 3 SECy isolates and have found that these strains contain only a
large plasmid (17.5 x 106 daltons) which is responsible for resistance to
cadmium. 1In relationship to patterns already established we presume this is
tentative evidence of a chromosomal locus for SEC;.
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6) Transformation of pSN2 into the Bacillus subtilis genetic back-
ground failed to induce the production of enterotoxin B. Further minicell
and in vitro translation data show that pSN2 does not carry the entB
structural gene. Nevertheless, the plasmid is essential for enterotoxi-
genesis. In fact, the regulatory functions provided by pSN2 are also con-
tained in the chromosome of those S. aureus strains that do not harbor
this plasmid.
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REPORT

The contract was activated on 1 March 1979 and therefore this report
covers the period from the activation date to the final date 28 February 1981;
a period of 24 months.

Four publications, listed below, resulted from the work performed.
1) Shafer, W. M. and J. J. Iandolo. 1979. The genetics of staphylococcal

enterotoxin B in methicillin resistant isolates of staphylococcus
aureus. Infection and Immuaity 25:902-911.

2) Shafer, W. M. and J. J. Iandolo. 1980. Transduction of enterotoxin
B synthesis: Establishment of the toxin gene in a recombination
deficient mutant. Infection and Immunity 27:280-282.

3) Dyer, D. W. and J. J. Iandolo. 1981. Plasmid-chromosomal transition
of genes important in staphylococcal enterotoxin B expression.
Infection and Immunity 33:450-458.

4) Iandolo, John, J. and David W. Dyer. 1982. The staphylococcal entero-
toxins - a genetic overview. J. Food Safety 3:249-264.

In addition three contributed papers were presented at scientific meetings;
two before the American Society for Microbiology and one before the Missouri L
Valley Branch of the ASM. The papers given in Los Angeles (ASM) and Dallas (ASM)
were titled:
1) Shafer, W. M. and J. J. Iandolo. 1979. Demonstration of plasmid
and chromosomal genes responsible for staphylococcal enterotoxin B
synthesis in methicillin resistant isolates. Bacteriol. Proc.
P. 214 (abst.).
2) Dyer, D. W. and J. J. Iandolo. 1981. Plasmid involvement in the
regulation of staphylococcal enterotoxin B production. Bacteriol. |
Proc. p. 52.

3) Iandolo, J. J. 1981. Starhylococcal enterotoxin B: A genetic
overview, Bacteriol. Proc. XXVI.

The staff involved in the project and paid by contract funds were: i
1) Marilyn I. Rock - Technician

2) Margaret (Molly) May - Technician

3) William W. Shafer - Graduate student
4) David W. Dyer - Graduate student

5) Rodney K. Tweten - Graduate student
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Statement of the problem:

The enterotoxins produced by the Gram positive pathogenic bacterium,
Staphylococcus aureus are a group of extracellular proteins (1, 2) that
are responsible for the clinical symptomology of staphylococcal food
poisoning. Although many cases of staphylococcal food poisoning probably
go unreported, epidemiological data reveals that these enterotoxins
account for over 257 (1) of all reported food poisoning incidents. While
the immediate manifestations of staphylococcal food poisoning are obvious
to the clinician, any additional roles that these proteins play during
infection remain unknown. However, enterotoxigenic strains have been
isolated from patients with chronic osteomyelitis (3), pseudomembraneous
enterocolitis (4) and scalded skin disease (5, 6).

Research efforts to date have been primarily concerned with enterotoxin
purification (7, 8, 1, 9, 10, 11, 12, 13), detection (14, 9, 15, 16, 17, 18)
and the regulation of toxin synthesis (19, 20, 21, 22, 23, 24). While these
studies have contributed a considerable amount of information regarding
enterotoxin biochemistry and synthesis, they have not advanced understanding !
of the molecular genetics of toxin synthesis. Consequently, there exists
a dearth of information regarding the genetics of enterotoxin synthesis.
Such information could reveal molecular interrelationships of the various
enterotoxins, the transmissibility of the enterotoxigenic phenotype and
linkage relationships with genes responsible for antibiotic resistance or
in the production of proteins involved in pathogenesis.

The present study was undertaken in order to clarify some aspects of
the molecular genetics of enterotoxin synthesis. Although six distinct
enterotoxins have been purified, enterotoxin B (SEB) was chosen for genetic
analysis because previous work by others (25, 26, 27) suggested that the
SEB structural gene was extrachromosomal and was linked to genes responsible
for antibiotic resistance.

The results obtained during this study reveal that the SEB gene is
capable of existing in two distinct configurations. In a majority (71%) of
enterotoxigenic isolates, the gene was found to be restricted to a chromosomal
locus whereas in other strains, notably hospital isolates resistant to 6
methicillin, the gene gave evidence of being associated with a 1.15 x 10
dalton plasmid deoxyribonucleic acid (DNA) species. Additional studies
demonstrated that the toxin phenotype and by implication, the toxin gene,
could be transmitted to previously nontoxigenic strains of S. aureus. The
establishment of the enterotoxin gene appeared to be contingent upon the
concomitant transfer of genes responsible for methicillin and tetracycline
resistance. Although genetic studies demonstrated that the enterotoxin B
gene 1is not closely linked to the antibiotic resistance genes, the data
obtained suggest that these genes are capable of a transient association.

Background

Early evidence suggesting a plasmid locus for the enterotoxin B gene
(entB) was provided by Sugiyama et al. (28). They noticed that when
enterotoxigenic isolates which produced a single ssrotype were plated onto
agar containing specific antiserum the SEB* or SEC” colonies produced very




large immune precipitate halos that varied in size. However, SEA* colonies
gave comparatively smaller halos which did not vary in diameter. The size
heterogeneity of the SEB and SEC immune precipitate halos suggested that

these phenotypes were variable and hence unstable while the constant size

of the SEA halos indicated that this phenotype was stable. These observations
were consistent with other reports which have demonstrated that mutants
producing variable amounts of SEB are obtainable without mutagenesis (i.e.,
occur spontaneously ) (29). Conversely, Friedman and Howard (30) were able

to obtain mutants which produced high amounts of SEA only after repeated
mutagenesis.

Based on the apparent phenotypic stability of SEA synthesis and the
instability of SEB and SEC synthesis, Bergdoll et al. (2) proposed that
SEA is a chromosomal gene product while the other two serotypes were thought
to be plasmid gene products. Subsequent work from my laboratory has confirmed
a chromosomal locus for entA (31). However, the genetics of SEB synthesis
is more complex (27, 57, 32, 33-Appendix I) and will be discussed in more
detail. The genetics of SECy and SEC, synthesis remain largely unresolved.

Conceptually, entB could exist in three distinct configurations. The
gene could be chromosomal, plasmid or as part of a prophage genome. Each
of these three possibilities have been investigated.

A bacteriophage involvement in toxin synthesis in other genera is well
documented and is perhaps best typified by the diptheria toxin model (34).
Specifically, the structural toxin gene is present on a bacteriophage genome.
Lysogenization of nontoxigenic strains of Cornybacterium diptheriae confers
toxin synthesis and the loss of toxin synthesis is correlated with the loss
of immunity to superinfection. Both examples are suggestive evidence of a
prophage involvement in toxin synthesis. However, the in vitro synthesis of
diptheria toxin using phage DNA directly demonstrated that the toxin is coded
by viral DNA sequences (35). Evidence for a phage involvement in the
synthesis of the Escherichia coli heat labile (LT) enterotoxin has also
been presented (36).

Against this background, the potential for a phage involvement in SEB
synthesis should be addressed. Read and Pritchard (37) examined this question
and concluded that although enterotoxigenic staphylococci are lysogenic there
does not appear to be a phage involvement in toxin synthesis since lysogeniza-
tion of nontoxigenic recipients does not confer SEB synthesis. Although
fairly detailed their work does not absolutely rule out the possibility of a
defective phage involvement since their assay system was restricted to
inducible prophage. Nevertheless, the overwhelming data concerning the
genetics of SEB synthesis indicates that in at least a majority of strainms
the determinant is bacterial. However, the recent finding of Takeda and
Murphy (36) that the LT enterotoxin gene has migrated from a plasmid to a
phage genome in at least two enterotoxigenic strains may provide a renewed
stimulus for the further examination of a phage involvement in SEB synthesis.

Initial reports regarding the physical disposition of the enterotoxin B
_gene (éntB) were provided by Dornbusch et al. (25, 38). This group

analyzed SEB synthesis in the methicillin resistance (MecF) isolate, S. aureus

DU-4916. Genetic manipulations involving transduction and elimination of
MecT suggested linkage of entB with the resistance determinant (mec).
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Specifically, methicillin sensitive (Mec®) recipients rendered Mecg by )
transduction virtually always produced SEB. Additionally, all iecB® deriva-
tives, obtained by cultivation in the presence of the curing agent acri-
flavine, lost the SEB phenotype. Based on these results, Dornbusch et al.
(25, 38) proposed the entB and mec are linked on a plasmid. Unfortunately,
they did not provide any biophysical data to substantiate the presence of
such a plasmid species.

The finding of a potential plasmid involvement in Mec” provided a
stimulus for other studies which were devoted to the elucidation of the
genetics of resistance. Cohen and Sweeney (39) reported that unlike the
findings of Dornbusch et al. (25, 38) the Mec! phenotype gave evidence of
being coded for by a chromosomal gene since the phenotype could not be
eliminated. Stiffler et al. (40) and Kayser et al. (41) examined the
extrachromosomal DNA profile of Mec! isolates and resistant transductants
but were unable to isolate a plasmid DNA species equatable with resistance.
These groups suggested that unless mec is harbored by a unique plasmid,
which is not detectable by standard plasmid identification techniques, the
gene should be considered chromosomal.

The most convincing data implicating a chromosomal mec gene was
provided by Sjostrom et al. (42) and Kuhl et al. (43). Sjostrom et al.
demonstrated that chromosomal DNA but not plasmid DNA preparations were
effective in transforming Mec® recipients to the resistant phenotype.
Additionally, mec transformation occurred in both recAt and recA~ recipients.
Regardless of the recipient, the gene was apparently established in the
chromosome since no plasmid DNA equatable with MecT could be isolated from
the Rec™ MecY transformants. Since recombination did not require a func-
tional recA gene product, Sjostrom et al. (42) stated that although mec is
chromosomal it should be considered a pseudoplasmid, as defined by Wyman
et al. (44).

Kuhl et al., (43) confirmed the chromosomal disposition of mec and
established that the gene, regardless of the isolate, always maps within
linkage group II of the staphylococcal chromosome. By a series of three
factor crosses mec was shown to map next to the determinants responsible
for novobicin resistance and purine biosynthesis. Because of this linkage
arrangement, Kuhl et al. questioned whether the determinant was capable of
transposition, as proposed by Sjostrom et al. (42). Unfortunately, they
did not employ recA~ recipients and as such, the requirement for a func-
tional recA gene product was not ascertained. Since the staphylococcal
chromosome remains poorly defined their data does not eliminate the
possibility that mec may also exist in other areas of the genome.

None of the previously described studies involved in detailing the
genetic locus for MecT employed SEB as a secondary marker and the proposed
linkage (25, 38) of these two determinants was not resolved. Since the
original reports of Dornbusch et al. (25, 38), other reports (27, 31, 33-
Appendix I, 27) have appeared dealing with the genetics of SEB synthesis.
These studies have been concerned with ascertaining the disposition of the
entB gene (i.e., plasmid or chromosomal) and the linkage arrangement of
entB and mec. The cumulative data suggests that the genetics of SEB synthesis
is quite complicated in that the toxin determinant is capable of exhibiting
genetic but not physical linkage with genes responsible for Mecl and tetra-
cycline resistance (TcY) (27, 33-Appendix I) and can exist in either the
plasmid and chromosomal state (32, 33-Appendix I, 38).
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The work of Shalita et al. (27) represented the first indepth bio-
chemical analysis of the genetics of SEB synthesis Like Dornbusch et al.
(25, 38), this group examined entB in strain DU-4916. Extrachromosomal DNA
analysis by neutral sucrose gradient centrifugation of labeled cleared
lysates demonstrated that strain DU-4916 harbors three distinct plasmids;
37S, 218, and 14S. Contour mapping of the 14S plasmid, revealed that the
molecule had an apparent molecular weight of 0.75 x 10~ daltons. Previous
investigators (45, 42, 40) did not report the presence of this plasmid in
strain DU-4916 but careful inspection of their data indicates that gradient
centrifugation profiles contain this small plasmid, which may have appeared
as a "shoulder" of the 21S plasmid.

Marker analysis performed by transduction and elimination demonstrated
that the 37S plasmid harbored determinants responsible for penicillin and
cadmium resistance while the 21S molecule was responsible for tetracycline
resistance (TcY). Transduction studies demonstrated that neither entB or
mec is linked to either of these plasmids. Ethidium bromide purlng experi-
ments, however, demonstrated that the loss of either MecT or TcF, or both,
resulted in the concomitant loss of SEB sviithesis. Plasmid DNA analysis of
the SEB™ derivatives showed that all of the clones lost the 0.75 x 10
dalton plasmid. Extrachromosomal DNA analysis of various transductants
demonstrated SEBT clones contained the 0.75 x 10® dalton plasmid species
while the SEB™ clones contained only the various antibiotic resistance
plasmids. Based on the plasmid DNA analysis of the entB genetic deriva-
tives, Shalita et al. proposed that the 14S plasmid contains a genetic
determinant critically involved in SEB synthesis.

'y

Since the SEB+ phenotype cannot be directly selected in genetic manipu-
lations it is possible that the presumptive entB plasmid only harbors
a determinant involved in the regulation of toxin synthesis and not L
necessarily the structural entB gene. To be sure, the inability to directly
select for enterotoxigenic clones has proved to be a major hinderance in
studies dealing with entB genetics.

Shafer and Iandolo (32) have confirmed the existence of a 14S plasmid
in strain DU-4916 and demonstrated that this extrachromosomal species is
absent in a nontoxigenic methicillin sensitive derivative (DU-4916S).
Velocity centrifugation of labeled cleared lysates in neutral sucrose
gradients indicated that the putative entB plasmid has an apparent molecular
weight of 1.15 x 106 daltons. A similar molecular weight was obtained
when the bulk plasmid DNA obtained from DU-4916 were electrophoresed with
staphylococcal plasmids of known molecular weight in agarose gels (33-
Appendix I).

Shafer and Iandolo (32) geported that although entB appears to be
associated with the 1.15 x 10° dalton plasmid in strain DU-4916 the gene
also exists as a chromosomal entity in other isolates. Analysis of the
plasmid DNA profile of five methicillin sensitive SEB* isolates failed
to reveal the presence of the putative entB plasmid. Moreover, genetic
examination of the plasmid DNA harbored by these strains failed to reveal
~association of entB with any of the resident plasmid DNA species. The
combined biophysical and genetic results indicated that these isolates
contained a chromosomal entB gene.
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The reports of Dornbusch et al., (25, 38), Shalita et al. (27) and
Shafer and Iandolo (32, 33-Appendix I) have established that entB can exist
in either the plasmid or chromosomal state. However, the relationship between
mec and entB is less clear. Cotransduction and coelimination results strongly
argue that both genes are closely linked. However, the rigorous examination
of mec in S. aureus DU~4916 unequivocally demonstrated that the gene is
chromosomal (43, 42), while, entB appeared to be harbored by the 1.15 x 106
dalton plasmid. Based on the app: apparent physical disposition of these two
genes, the observed linkage appears to be paradoxical.

Approach to the problem

In the initial portion of this work, we addressed the question of
linkage of methicillin resistance and enterotoxin B production using standard
genetic techniques consistent with the state of the art in the staphylococcal
genetic system. Transductional and transformational crosses were carried
out to sort out the very complex relationships involved. All these were
verified by biophysical analysis of the recipient derivatives.

The first question asked was whether the putative enterotoxin B plasmid
was common to methicillin resistant strains of §. aureus. To answer this
question a survey of the plasmid make-up of 16 mecT SEBY strains was per-
formed. Detailed genetic analysis of four of these strains was carried
out by transduction and transformation. Because the data suggested that
entB may be a transposon further studies involving a recombination deficient

mutant were carried out to test this possibility.

We also wished to know whether one of the sequellae of natural drug
transmission among these strains was the cotransfer of toxin determinants.
To answer this question we cocultivated clearly distinguishable genetically
marked strains, one of which (the donor) produced SEB and selected for toxin
producing variants of the recipient.

Lastly, we spent the past year examining the function of pSN2, the
putative enterotoxin plasmid. To do this we employed transformation into
heterogenetic hosts, minicell and in vitro translation assays and standard
genetic techniques to construct strains useful in the analysis. All con-
structed strains were verified by agarose gel electrophoresis and the mini-
cell and in vitro assays were verified by SDS~-PAGE analysis.

Results and discussion

The details of the genetic analysis of entB is contained in Appendices
1, 2, and 3. The reader is directed to these for a more in-depth discussion.
However, a summary of these findings is presented here.

Biophysical and genetic analysis (appendix 1) of staphylococcal enterotoxin
B (SEB) synthesis in 16 methicillin-resistant (Mec®) S. aureus isolates
demonstrated that the toxin gene (entB) can occupy either a plasmid or a
chromosomal locus. Biophysical analysis of the plasmid DNA content of these

11




strains by agarose gel electrophoresis revealed the presence of a 1.15
megadalton (MDAL) plasmid in six isolates (37.5%) that appears to contain the

entB gene. Genetic manipulation of SEB synthesis by transduction and elimina-

tion demonstrated that this plasmid is critical for enterotoxigenesis. Never-
theless, the majority of the MecT SEBt isolates (63.5%) analyzed in this
investigation were found to lack the 1.15 MDAL plasmid. In at least two of these
strains (COL and 57-dk) transduction and elimination showed that entB was
chromosomal.

Genetic studies involving strains harboring either a plasmiﬁ or a
chromosomal entB gene (appendix 1) demonstrated that toxin synthesis is
coeliminated with mec. However, analysis of the entB and mec loci by
transformation or transduction showed that the genes are not closely linked.

On the other hand, transduction of entB, regardless of the donor, was

observed when mec and TcT (tetracycline) plasmid were jointly cotransduced.
This finding suggests that during transduction a transient association

among entB, mec and the TcT plasmid may exist. Because of the genetic
duality (plasmid-chromosomal) demonstrated by entB and since the methicillin
gene has already been reported (42) to be part of the transposition-like

element due to its ability to be established in recombination deficient hosts
(recAl”), we undertook experiments to determine if entB exhibited recAl in-
dependent recombination (Appendix 2). The results of these experiments
demonstrated that only entB from strains containing pentB could be established
in recAl” hosts. Indeed the plasmid profile of such recipients clearly
showed the presence of pentB. Chromosomal entB strains could not be
successfully employed as donors. Therefore, by this criterion it seems that

entB does not exhibit properties of a transposon. However, because of the

inability to directly select for pentB this experiment may not be entirely
adequate to analyze the question of entB transposability. On the other hand,
the high cotransfer of entB, mec and tc (85% of mect Tel clones are SEBT)
argue strongly for the validity of the approach.

In as much as the entB gene could not be shown to undergo recAl
independent recombination we attempted to map the entB gene on the S. aureus
chromosome. We had shown (Appendix 1) that entB did not map near mec in
linkage proup II but had empirically noted that most SEB' transformants were
also tr. ..formed for pigment production (R_Bf) We therefore examined
the pig region of linkage group III. DNA from strain COL was used to
transform ISP484 (33). Recombinants were selected that were prototrophic
for isoleucine, leucine and valine (ilv) and scored for pigmentation. Ilv
was transformed at a frequency of 3. 8 x 10”9 (38 total clones). Cotransformation
of pig was 8% (3 clones) and all of these were SEB The data thusfar are
encouraging and hint that entB may map between ilv and pig. However,
expression of toxin is strongly subdued (that is; 25X concentration of the
medium must be made before SEB can be detected) and transformant clones
produce only about 1 ug of SEB/ml. We are continuing mapping studies and
studies designed to clarify the genetic associations alluded to in appendix 1.

In an associated study we wished to know whether one of the sequellae of

natural drug transmission among these strains was the cotransfer of toxin
determinants. To answer this question we cocultivated clearly distinguishable

12




genetically marked strains, one of which (the donor produced enterotoxin B.)
The relevant phenotype of the donor was mecl tetY novS SEBt (411), the
phenotype of the recipient was mec® tetS nov®’ SEB~. Recombinants were
scored for the mecT tet® nov’ SEB' phenotype. Although transduction fre-
quencies as high as 2 x 104 recombinants per plaque forming unit were ob-
served for single markers, the frequency of the triple transductants was
considerably lower but nonetheless did occur. Since lysogenized staphylococci
exhibit relatively high amounts of prophage leakiness, this result is not
unexpected. However, the high frequencies observed suggest that a higher
proportion of leaky phage are transducing particles than are phage from
conventional lysates. Furthermore, this result provides evidence of genetic
promiscuity among naturally associated strains and may provide the mechanism
for the contribution to or exacerbation of other staphylococcal disease by
enterotoxin.

We have begun studies to investigate the genetic disposition of
enterotoxin C in S. aureus. Though the generous gift of SEC, from
Dr. R. Bennett (FDA Washington, D.C.) we have prepared antibody for analysis
in a manner similar to that reported by us for SEB (32). SEC; and SEC) can
be znalyzed with this serum by Laurell gel electrophoresis with about the
same sensitivity as SEB.

Three strains were initially chosen for analysis (strains 735, 740 and
834, These strains were also obtained from Dr. R. Bennett, FDA, Washington).
Strains 735 and 834 produced both SEC] and SEC, while strain 740 produced
SECp. All three produced enterotoxin C at about 50 ug/ml. Biophysical
analysis of the plasmid DNA of these three strains by CsCl ethidium bromide
centrifugation followed by agarose gel electrophoresis demonstrated that all
three possess a single plasmid species of 17.5 x 106 daltons. Analysis of this
plasmid in all three strains has shown it to confer cadmium and penicillin
resistance. In relationship to patterns already established we presume this
is tentative evidence of a chromosomal locus for SEC;. Work is continuing on
a more critical analysis of SEC production.

Work carried out this past year was intended to clarify the role of pSN2
in SEB synthesis. (The details of these data are presented in Appendix 3.)
This was necessary since this laboratory has shown (Appendix 1) that the
majority of SEBT isolates examined produce SEB without harboring this 1.15
Mdal plasmid, yet pSN2 appears essential for enterotoxigenesis in those
strains carrying the replicon. We approached the resolution of this apparent
controversy by directly evaluating the phenotypic expression and translation
products of pSN2 in the heterogenetic background provided by B. subtilis. A
number of staphylococcal plasmids, such as pl94, pEl194, and pUBllO have been
shown to be expressed with the appropriate phenotype in B. subtilis. However,
when we placed pSNZ into B. subtilis (Appendix 3, Fig. 1A) SEB production was
not observed in the transformant clones. This might be expected if pSN2
were not fully expressed in B. subtilis or, alternatively, if the plasmid
did not contain the enterotoxin structural gene. Since transfer of both
pC194 and pSN1 into these recipients produced the appropriate phenotype (one

13
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in vitro assays (Appendix 3, Fig. 2) we concluded that the plasmid was ex-

transformant, KSI503, Appendix 3, Table 1, was Cm® Tcr), it seems likely

that there is no barrier to the experssion of pSN2 in these cells. Since
PSN2 presented us with a cryptic phenotype (that is, since the B. subtilis
transformants were SEB™) it was necessary to determine if proteins were
produced by pSN2 in this heterogenetic host. We therefore transformed

pSN2 into a minicell producing strain of B. subtilis (Appendix 3, Fib. 1B),.
On the basis of the B. subtilis minicell (Appendix 3, Fig. 2) and the E. coli

pressed in these systems, but that SEB was not produced. Unpublished data
from Novick' group (R. P. Novick, Public Health Institute of the City of

New York) citing experiments similar to ours suggests that pSN2 specified

a 20,000 dalton protein and an 11,000 dalton protein. We assume that

the 20,000 dalton protein seen in their experiments is that identified by

us as having a molecular weight of 18,000 daltons. In some in vitro trans-
lation experiments we have also seen a second polypeptide of about 11,000
daltons that appears to be pSN2-specific. We have been unable to consistently
reproduce these results and are consequently unsure about the origin of this
11,000 dalton protein. Additionally, unpublished nucleotide sequence data

of Novick indicate that codons corresponding to the amino acid sequence of

SEB do not reside on the majority (approx. 2/3) of pSN2. However, if the
structural SEB gene is present in pSN2, it must require factors peculiar to
the staphylococcal protein synthetic machinery for experssion. If the plasmid
requires a function provided by any staphylococcal cell for SEB synthesis,
then S. aureus strain KSI400 (an RN450 derivative containing pSN2, Appendix

3, Table 1) should have been enterotoxigenic. However, KSI400 remained SEB~.
Therefore, it seems unlikely that the structural gene for SEB resides on !
pSN2 but suggests that expression of the sest phenotype, if dependent upon
pSN2, requires a second unlinked gene (the structural SEB gene) not present
in S. aureus RN450.

An obvious alternative to this interpretation is that this cryptic
plasmid is not involved in SEB synthesis. In this instance, the association
between pSN2 and the SEBt phenotype shown by this laboratory (Appendix 1, 2)
and by others (25, 27) cannot be easily explained. However, the possibility
that pSN2 is not involved in SEB synthesis led us to reexamine whether the
plasmid was actually necessary for enterotoxigenesis in S. aureus DU-4916.

In attempting to cure pSN2 from DU-4916 with ethidium brﬁmide, we found
(Appendix 3, Table 2) a spontaneous segregation (ca 50%) of this strain to
the SEB™ phenotype. Notwithstanding the ethidium bromide treatment, the

SEB~ phenotypic segregation occurred in the absence of any demonstrable
effect on the intracellular residence of pSN2. These SEB™ DU-4916 segregants
display a phenotype similar to KSI400. Both strains contain pSN2, yet are
SEB—. The high rate of spontaneous segregation of SEB~ we have seen is
startlingly different than the curing observed by Dornbusch et al. (25)

of MecY and SEB' phenotypes. These authors observed a coelimination of the
two markers (12.5% of acriflavine-treated cells). Neither the Mec’ nor

set phenotypes were spontaneously lost. The spontaneous SEB™ derivatives

we have isolated continue to be resistant to methicillin. However, our

data may explain the coelimination of the Mec® and sest phenotypes, without
suggesting a direct genetic link between the two. If one assumes that
segregation of SEB proceeds at a rate of about 97X after acriflavine treatment
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(as we have shown for ethidium bromide-treated cells), then Mecs cells arising
in the culture have a high probability of being SEB™.

One might use this same argument regarding the curing of pSN2 from DU-
4916 wherein the resulting derivative, KSI393 (Appendix 3, Tables 1, 2)
became SEB™. Since we have shown that DU-4916 segregates the SEB  phenotype
at a high rate, one might predict in any event that KSI393 (Appendix 3, Table
1) would become SEB~. This strain, although lacking pSN2, could be SEB  due
. to the fact that it was a spontaneous SEB™ segregant. While this occurred
with many clones, many others were not spontaneous segregants because when
minicells containing pSN2 were fused with KSI393, the recipients often became
SEBt (Appendix 3, Fig. 3A, B). It is difficult to explain how this could
occur without concluding that pSN2 is required for enterotoxigenesis in
strain DU-4916. The fact that many CmY SEB™ colonies were isolated in this
experiment can be explained as the result of two processes. Firstly, if
all minicells did not contain both pCl194 and pSN2 one would not expect a
complete correspondence between the CmY and Sept phenotypes. Secondly and
more importantly, SEB™ cells could arise if instability in the ses’ pheno-
type in DU-4916 is due to a second element required for enterotoxigenesis.
If this segregation occurred in the absence of pSN2, that cell would
remain SEB™ even after introduction of the plasmid into the cell.

Our data also indicate that pSN2 is required for SEB synthesis in
chromosomal SEB producers as well as in plasmid-bearing strains. This was
initially inferred from the fact that KSI393 Cm® SEB' recipients in minicell
fusion experiments contained neither pCl194 nor pSK2 as autonomous replicons
(Appendix 3, Fig. 3A, B). Both elements apparently became chromosomally
incorporated. At present we can offer no explanation for this result.
Originally, pSN2 could certainly replicate autonomously in strain DU-4916.
One might suggest that the lack of autonomy displayed by the plasmids was an
artifact of the protoplast fusion technique. This is quite possible, since
the same experimental conditions were used to cure pSN2 from DU-4916 and to
reintroduce the plasmid. However, this explanation is difficult to reconcile
with the fact that a similarly constructed strain, KSI400, contains autonomous
pC194 and pSN2 replicons (Appendix 3, Fig. 3A, B).

In accordance with the suggestion that pSN2 could support SEB synthesis
from a chromosomal site in KSI393, we found that an SEB™ DU~4916 derivative
containing pSN2 (KSI392) was able to complement a chromosomal SEB~ deriva-
tive in order to produce SEB (Appendix 3, Table 3A, B). In these experiments
we detected no autonomous plasmids in the recipient SEB* cells which would
correspond to pSN2 (Appendix 3, Fig. 3A, B). Since this plasmid did not appear
in the recipient, we infer that a pSN2 element must be capable of integration
into the recipient chromosome in order to support SEB synthesis. It would
be difficult to support this contention without hybridization data, except
that we have shown that pSN2 is capable of integrating in the DU-4916
chromosome in order to support SEB synthesis. We are at present conducting
hybridization experiments using the Southern technique in order to confirm
the chromosomal site of pSN2 in strain S6 and to study the manner in which
integration occurs. The fact that pSN2 becomes chromosomally situated during
transformation (in addition to the protoplast fusion experiments), where

15




cell membrane alterations should be minimal, underscores the suggestion that
integration is unrelated to the protoplast fusion technique used in previous
experiments.

What is the role of pSN2 in SEB synthesis? We propose that pSN2 regulates
SEB synthesis by affecting the expression of the SEB structural gene present
on the chromosome of certain S. aureus strains. This function (or functions)
is expressed whether the plasmid remains an autonomous replicon or becomes
. chromosomal. Any discussion of the nature of the regulation of SEB synthesis
by pSN2 would be highly speculative at the present time.
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Biophysical and genetic analysis of staphyviococcal enterotoxin B (SEB) syn-
thesis in 16 methicillin-resistant (Mec) Staphylococcus aureus isolates demon-
strated that the toxin gene (entl3) can occupy either a plasmid or chromosomal
locus. Biophysical analvsis of the plasnid deoxvribonueleie acid content of these
strains by agarose gel electrophoresis revealed the presence of a 1.15-megadalton
plasmid in six isolates that appears to contain the ent B gene. Genetic manipulation
of SEB svnthesix by transduction and elimination procedures demonstrated that
this plasmid is critical for enterotoxigenesis. Nevertheless, the majority of the
Mec' SER’ isolates (62.57) analyzed in this investigation were found to lack the
1.15-megadalton plasmid. In at least two of these strains (COT and 57-dk),
transduction and elimination procedures showed that enfBB was chromosomal.
Genetic studies involving strains harboring either a plasmid or chromosomal entB
i gene demonstrated that toain synthesis was coeliminated with mee. However.,
analysis of the entD3 and mee loci by transformation or transduction showed that
“ the genes are not closely inked. On the other hand. transduction of ent8,
i regardless of the donor, was ohserved when both mee and the Te' plasmid were
i jointly cotransduced. ‘This finding suggests that, during transduction, a transient
association between en?B, mec, and the Te' plasmid may exist.

! Studies dealing with the geneties of staphylo-
coccal enterotoxin B (SEB) biosynthesis indi-
cate that the toxin gene (entl3) may be either
plasmid or chromosomal (3, 4. 17, 19). Dorn-
busch et al. (3, 4) studied the genetics of SER

genesis was not determined, although the latter
scems an unlikely alternative because of the
complete correlation observed.

We (17) have been able to confirm the data of
Shalita et al. (1M in the Mec' strain DU-4916,

synthesis and reported that, in the methicillin-
resistant (Mec') isolate Staphylococcus aureus
DU.4916, the entB and mee determinants were
cotransduced and coeliminated at frequencies
suggestive of linkage on a small plasmid. As a
result, the mec gene hecame the subject of in-
tense investigation, and the cumulative data
have unambiguously shown that this deterim-
nant is chromosomal (6, 8,19, 200, maps within
pyr-his-noc-pur-mec linkage group (R), and ex-
hibits properties of a pseudoplasmid (19, 20, 23).

The entB gene was not included in those
investigations but, using the Mec' strain of Dorn-
busch et al.. Shalita and co-workeis (19) rein-
vestigated the genetics of SEIB svnthesis. They
provided biochemical and genetic data which
strongly implicated the involvement of a small
plasmid (pentB) in SEB production Whether
this plasmid contains the entl structural gene
or some determinant critical for enterotoxi-

t Contribution po. 79050 from the Kansas Agrnicultural
Experiment Station,

92

but in five methicillin-sensitive strains we were
unable to detect the presumptive SEB miniplas-
mid. Genetic analysis of the plasmid deoxyribo-
nucleic acid (DNA) in these Mec” strains failed
to reveal a plasmid entB locus, and SEB synthe-
sis was shown to be directed by chromosomal
determinants.

This study of the entB gene was undertaken
to further clanfy the genetic status of SEB syn-
thesis. Specifically, we have been concerned with
the disposition of enfB in mec isolates because
of the reported genetic linkage of these two
determinants (3, 1). Additionally, we have also
been voncerned with the frequency with which
pentB is present among enterotoxigenic Mec’
isolates, The results presented in this commu-
nication demonstrate that the toxin determinant
in Mec isolates can be either plasmid or chro-
mosomally borne but, in either case, is not phys- M
ically linked to the mee gene as previously sug-
pested (3, 4). However, transduction results sug- [
gest a transient association of entB with the mec
gene and a tetracycline resistance plasmid.




]

———

“ew \
-ty g Ry

-4

o —

Vor. 25, 1979

MATERIALS AND METHODS

Organisms. The S. aureus strains employed in this
investigation are listed in Tables 1 and 2.

"' Media. For enterotoxin analysis, the various strains
were grown in 3% NP broth (5). Trypticase sov broth
(TSB: BBL Microbiology Systems, Cockeyvsville, Md.)
was used for routine culture media, phage propagation,
and as the growth media in ethidium bromide curing
experiments (17, 18). When agar plates were required,
1.5% agar (Difco Laboratories, Detroit, Mich.) was
added to either TSB or NP broth.

Marker analysis. Cadmium nitrate [Cd(NO).]
sensitivity was determined as previously described (17,
21). Antibiotic sensitivity was determined as described
by Dornbusch et al. (3, 4), with the Mec’ phenotype
scored at 30°C or at 37°C in the presence of 5 NaCl.

Enterotoxin B production and assay. Condi-
tions for maximal enterotoxin synthesis have been
described (5). Analysis of SEB production was per-
formed by Laurell immunoelectrophoresis (5) or gel
double diffusion (15). When necessary, supernatants
weie concentrated by pervaporation. Monospecific an-
tiserum was prepared in New Zealand white albino
rabbits using highly purified SEB (kindly provided by
R. Bennett, tJ. S. Food and Drug Administration,
Washington, D.C.). SEB production by individual col-
onies was analyzed by replica plating onto NP agar
containing a 1:40 dilution of anti-SEB serum or hy
Elek plate (1) analysis. Normal rabbit serum controls
were also run to distinguish nonspecific immunopre-
cipitation due to protein A interaction.

Genetic manipulations. (i) Transduction. All
transduction experiments were performed with phage
29 of the International Typing Series that were plague
purified on the donor strain. Transducing lysates were
prepared on the appropriate donor strains and steri-
lized as previously described (16, 17). The phage dilu-
tion buffer was used according to Novick (13). Trans-
duction was carried out (3, 4, 17) with multiplicities of
infection ranging from 0.1 to 1.0. The recipient strain
for all transduction experiments was S. aureus 8325-
4(611) or derivatives of this strain. After 2 h of prein-
cubation at 37°C or 4 h at 30°C, transductants were
selected by the antibiotic soft agar overlay procedure
of Sjostrom et al. (20). The concentrations of the
selective agents were as follows: cadmium nitrate, 25
ug/ml; tetracycline (Tc), 5 ug/ml: methicillin (Mec), 5
pg/ml; novobiocin {Nov), 10 pyg/m); and penicillin G
{Pc), 10 ug/ml. Further incubation was carried out at
37 or 30°C for 48 to 72 h before scoring for transduc-
tants. The transduced phenotvpe was confirmed by
replica plating onto Trypticase soy agar (TSA} plates
containing the appropriate selective agent. Uninfected
and phage sterility controls were always included.

(ii) Transformation. Transforming chromosomal
DNA in sterile 0.1x SSC (1x SSC = 0.15 M NaCl,
0.015 M sodium citrate, pH 7.0) was prepared as
described by Sjostrom et al. (20) and used for mec
transformation (8, 20). DNA concentrations were de-
termined by ultraviolet ahsorbance at 260 nm. Con-
trols consisted of individually plating the transforming
IDNA and untreated cells onto selective agar plates.
Incubation of transforming DNA with deoxyribonucle-
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ase {20) resulted in the complete loss of transforming
activity.

(iii) Marker elimination. Ethidium bromide cur-
ing experiments were performed as previously de-
scribed (17, 18). Spontaneous elimination of a partic-
ular marker was determined by plating approximately
100 colony-forming units per plate (after sonication to
disrupt clumps) onto TSA and then replica plating
onto selective or antiserum agar.

The spontaneous elimination of either the Mec’ or
SEBR’ phenotvpe was not observed in strains DU-4916,
592, COL., or 57-dk when even 500 colonies grown on
TSA plates were replica plated to methicillin and
ant.oodv agar plates. Therefore, the isolation of the
negative variants was due to the elimination proce-
dures used.

Analysis of plasmid DNA. The S. aureus strains
were propagated in 50 ml of TSB at 37°C for 24 h, and
cleared lysates were produced (14, 17). The volume of
the cleared lvsates was doubled with chloroform-isoa-
myl alcohol (24:1), and multiple extractions were car-
ried out by shaking at 37°C for 5 min followed by 30
min at 4°C. The aqueous phase was collected after
centrifugation at 5,000 x g for 30 min at 4°C. A clear
aqueous phase was generally present after two to three
extractions. Generally, ribonuclease treatment (7, 12)
of the lvsates was not necessary. After the final ex-
traction, two volumes of cold 95% ethanol were added
and the cleared lysate was stored at ~20°C for at least
4 h to precipitate plasmid DNA. The DNA precipitates
were collected by centrifugation at 12,000 x g for 20
min at —10°C. The ethanol was carefully drained. and
the pelleted material was gently redissolved in 0.2 mi
of 0.03 M tris(hvdroxymethyllaminomethane-0.0025
M ethyler ediaminetetraacetic acid-0.05 M NaCl (pH
R.O).

Plasmid DNA species from cleared lysates were
analvzed by horizontal gel electrophoresis. For electro-
phoresis, 15 agarose gels (Seakem HGT Agarose, Ma-
rine Colloids) were run at 60 V and 28 mA. The
electrophoretic run lasted 4.5 h or until the tracking
dye (12) reached the end of the gel. The electropho-
resis buffer consisted of 0.089 M tristhydroxy-
methvllaminomethane, 0.089 M boric acid, and 0.0025
M ethvlenediaminetetraacetic acid. Generally, 10 to
50 ul of the plasmid DNA solutions was analyzed.
After electrophoresis, the gels were stained with a 0.5-
pg/ml solution of ethidium bromide for 30 min and
photographed over a short-wave ultraviolet transillu-
minator using Polaroid type 55 P/N film. The electro-
phoretic position of each plasmid species in the aga-
rose gels was checked with CsCl-ethidium bromide
density gradient-purified plasmid DNA (12, 171, To
purify individual plasmid species. preparative gel elec-
trophoresis was carried out by placing an entire
cleared lvsate in a trough in the gel and subjecting it
to electrophuresis under the same conditions as the
analytical technique. The desired plasmid band was
cut from the gel and electrophoretically eluted into
dialysis sacs. The purified plasmid preparation was
then dialyzed against electrophoresis running buffer
for 24 h, precipitated with ethanol. redissolved in 0.03
M tristhvdroxymethyhlaminomethane-0.0025 M eth-
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TABLE 1. Designation, phenotype, and origin of S.
aureus test strains

Strain Relevant phenotype” Origin
DUL4916 Pe’, Te', Mee', SEB*"  S. Cohen
DU.49168 e, Te', Mec', SER 8. Cohen
COL Te'. Mec', SEB*™ B. Wilkinson
57-dk Per, Te', Mec, SER*'™  B. Wilkinson
592 Pe’, Te'. Mec', SEB*"™  B. Wilkinson
8125.4 (o) Mec', SEB P. A. Pattee
sp2 Nov', Mec™, SEB P. A. Pattee
RN 442 P’ SEB R. Novick
8325-4 (pC194) Cm', SER E. Lederberg;

PRC
R325.4 (pT169) T, SEB F. Lederberg:
PRC

“ Marker abbreviations are as follows: Pc’ (penicillin resist-
ance), Tc¢' (tetracvcline resistance), Mec” tmethicillin resist-
ancel, SEB' {production of enterotoxin B), Nov' {novobirin
resistance), Cm’ (chloramphenicol resistance)

" Bxpressed as micrograms per milliliter of SER produced
by 36 h shake cultures as determined by Laurell immunoelec-
trophoresis (see text}.

" PRC, Plasmid Reference Center. Stanford. Calif.

vlenediaminetetraacetic acid-0.05 M NaCl (pH 8.0},
and stored at —20°C until used.

RESULTS

The entB gene is a chromosomal determinant
in all of the Mec® SEB’ isolates of S. aureus we
have so far examined (17). On the other hand,
the Mec' SEB" isolate, DU-4916, has been
shown by Shalita et al. (19) and verified by us
(17) to possess a small plasmid that apparentiy
contains the entB gene. Since enterotoxigenicity
is characteristic of most Mec' strains (10). we
wished to determine if the plasmid entB geno-
type was characteristic of Mec’ SEB® strains.
Cleared lysates of 16 such strains were produced
and subjected to agarose gel electrophoresis. In
Fig. 1, an agarose gel profile of the plasmid DNA
from four test Mec” SEB’ isolates (592, COL,
DU-4916, and 57-dk) is presented. The banding
patterns of the pentB plasmid (1.15 megadaltons
[Mdal}). isolated and purified from strain DU-
4916 by preparative gel electrophoresis, and of
chromosomal DNA from the plasmid-negative
strain 8325-4(411) are also presented. Strains
DU-4916 and 592 were found to contain a plas-
mid species migrating at 1.15 Mdal (Fig. D).
These two strains were also found to centain a
17.5- and a 3.0-Mdal plasmid responsible for Pc’
and Tc', respectively (Fig. 1). Molecular weights
of the plasmid species were determined by the
linear migration of reference staphvlococcal
plasmids (Fig. 2). Strain COL contains only a
single 3.0-Mdal plasmid which was shown to
encode for Tc¢', whereas strain 57-dk harbors a
3.0-Mdal Tc' plasmid and a 17.5-Mdal Pc’ plas-
mid. To ascertain the frequency at which the
pentB plasmid is present among such isolates,
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we extended this analysis to examine the plas-
mid DNA profile of 12 additional strains. The
plasmid DNA content of all 16 Mec' SEB" iso-
lates is presented in Table 2. Of 16 isolates
examined, only 37.5% (6/16) contained the
pentB plasmid. Each of these six also possessed
a 3.0-Mdal T¢' plasmid and a 17.5- to 22.4-Mdal
Pc' plasmid. The remaining strains possessed a
varying array of similar plasmid species.

Since agarose gel electrophoresis of cleared
lvsate DNA resolves not only covalently closed
circular IDNA, but also the open circular and
linear plasmid forms as well as contaminating
chromosomal DNA (12), it was necessary to
purify Lalk covalently closed circular DNA to

verify the band positions of the individual plas-

mids. This was accomplished by cesium chlo-
ride-ethidium bromide equilibrium density gra-
dient centrifugation of {'H]thymidine-labeled
cleared lvsates (14, 17). The covalently closed
circular DNA peak was collected and electro-
phoresed in 1% agarose gels. The results (not
presented) were identical to those already dis-
cussed.

The limited distribution of pentB among these
Mec" cultures led us to question the genetic
configuration of SEB in toxin-positive strains

TABLE 2. Plasmid DNA profile of Mec" SEB*

strains”
SEB
Strain Mol wt of plasmids” svnthe-

8is”

DU-4916 17.5 (Pc), 3 (T¢'), 1.15 50
(SEB*")
592 17.5 (P, 3 (TeD, 115 25
(SEB*)

Kasanjian 224, 3.1 30
57-dk 17.5 (Pc'), 3.0 (T'¢") 23
5814R" 22.4 (P¢), 1.8 (Cm') 1.5
Meuse 17.5, 3.1 22
Japan 20, 3 23
Dumas 20,3, 1.15 21.6
5106R 20,3 16.7
7074R 20,3, 1.15 11.9
5619 20,3,1.15 14.3
69129 20,3, 1.15 15.5
COL 3(Tc") 125
456-33 20 18
5205-R 20 34
$£39-451 20 109

" All strains 2xcept for DU-4916 were supplied by
B. Wilkinson.

* Expressed in megadaltons as determined by aga-
rose gel electrophoresis.

" Expressed as micrograms per milliliter as deter-
mined by Laurell immunocelectrophoresis.

A Mec” SEB derivative (58148), obtained from
B. Wilkinson, was found to contain an identical plas-
mid profile.

-
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Fi16. 1. Agarose gel electrophoresis of ethanol-pre-
cipitated cleared Ivsate DNA from SEB” isolates,
strain 8325-4(pll), and purified SEB plasmid. (A)
Electrophoretically purified SEB plasmid; (B) chro-
mosomal DNA from S. aureus 8325-4(¢11); (C) S.
aureus DU-4916; (D) S. aureus 592; (E) S. aureus 57-
dk; and (F) S. aureus COL. Bands migrating behind
the chromosomal and Pc' plasmid DNA represent
the open circular form of the Pc' plasmid, whereas
bands migrating between the Pc' and Tc' plasmids
represent the open circular form of the Tc' plasmid.
The position of the covalently closed circular form of
each plasmid was confirmed by electrophoresis of
cesium chloride-ethidium bromide-purified cova-
lently closed circular DNA.

lacking pentB. Therefore, we analyzed strains
592 and COL. Strain 592 was chosen as a plasmid
control because it contained pentB, whereas
COL was selected because it did not contain this
small plasmid but only a single 3.0-Mdal Tc¢'
plasmid. Further, analysis of 592 would provide
genetic evidence of pentB in a second strain in
addition to DU-4916 (17, 19).

Previous genetic manipulation of SEB’
strains has demonstrated that the entB gene is
not physically linked to plasmids encoding for
resistance to cadmium, penicillin, or tetracycline
(3, 4,9, 17, 19). However, cotransduction of entB
with the Tc¢" plasmid and the mec gene from
strain DU-4916 has been observed (3, 4, 19).
Therefore, as a strategy in genetic evaluation of
entB linkages, we employed transduction of the
plasmid T¢" marker and analyzed for cotrans-
duction of mec and entB. Phage 29 was propa-
gated on strains COL and 592, and the sterile
lysates were used to transduce strain 8325-4(¢11)
for resistance to tetracycline. The transduction
frequency of the Tc¢" marker from strain COL
was 4.6 X 10" and that from strain 592 was 2.4
X 107%. As a control to rule out linkage of entB
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with the Tc" plasmid, 10 randomly selected 8325-
4(»11) Tc" Mec® transductants from each donor
were propagated in NP broth for 36 h and the
spent medium was analyzed for SEB. Addition-
ally, analysis of 25X concentrated supernatants
from the T¢" Mec™ transductants was performed.
The data demonstrated that none of the trans-
ductants synthesized SEB whereas the donor
strains COL and 592 produced 12.5 and 25 pg/
ml, respectively. Plasmid DNA analysis of the
Tc" Mec® transductants by agarose gel electro-
phoresis of cleared lysate preparations from
either donor showed that the selected clones
contained only the 3.0-Mdal plasmid (Fig. 3,
lanes B and C). These results demonstrate that
the entB gene is not linked to the 3.0-Mdal Tc'
plasmid in either strain. These data are consist-
ent with our earlier findings (17) in various Mec”
SEB' isolates. Moreover, since the 3.0-Mdal T¢’
plasmid is the only extrachromosomal DNA spe-
cies harbored by strain COL, the entB gene is
chromosomal in this particular isolate.

To determine if entB from strains 592 and
COL, as in strain DU-4916 (3, 4, 19), could be

30}
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F16. 2. Relative migration in 1% agarose gels of
plasmid DNA from 8. aureus DU/ 4916 to reference
plasmids. The molecular weights of the reference
plasmids (pI524, pT169. pC194) have been described
elsewhere (11, 14, 17). The molecular weights of the
DU-4916 plasmids were derived from the linear mi-
gration of the reference plasmids.
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F16. 3. Agarose gel electrophoresis of ethanol-pre-
cipitated cleared Ivsate DNA from SEB* donors (S.
aureus strains 592, COL, and DU-4916) and trans-
ductants. (A) 8325-4(611) Tc' Mec® SEB*; (B} 8325.
4(pl11) Tc" Mec' SEB™; (C; 8325-4(¢11) Tc' Mec"
SEB"; (D) 8325-4(511) Tc' Mec' SEB*; (E) electro-
phoretically purified 3-Mdal Tc¢' plasmid from S.
aureus COL; (F) electrophoretically purified 1.15-
Mdal SER plasmid from S. aureus DU-4916; (G) S.
aureus 592; (H) S. aureus COL; (I) S. aureus DU-
4916. The plasmid DNA profiles of the transductants
in lanes A and B were obtained from transducing
Ivsates obtained on S. aureus 592 whereas lanes C
and D were obtained from phage propagated on S.
aureus COL.

cotransduced with mec and fc, we selected for
tetracycline-resistant clones of 8325-4(a11) and
scored the transductants for the Mec” phenotvpe
(Table 3). Clones exhibiting both phenotyvpes, as
determined by replica plating on agar medium
containing both drugs, were analyzed for toxin
production and plasmid DNA. When strain COL,
served as the donor, mec was contransduced
with fc at a frequency of 6% (12/200). All of the
double transductants were SEB* (5 to 12.5 pg/
ml). Agarose gel electrophoresis of cleared ly-
sates from representative clones demonstrated
only the presence of the 3.0-Mdal T¢" plasmid.
The plasmid profiles of the Tc¢' Mec" SEB* and
the Tc¢" Mec® SEB  derivatives were therefore
identical (Fig. 3, lanes C and D). When strain
592 served as the donor for tc (Table 3), the
Mec" phenotype was cotransduced at a fre-
quency of 2% (4/200). In agreement with the
results obtained with COL., all of the mee co-
transductants were also SEB'. However, all of
the Tc" Mec” SEB® clones contained both the
3.0- and 1.15-Mdal plasmids, whereas Tc" Mec'
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SEB  derivatives contained only the 3.0-Mdal
plasmid (Fig. 3, lanes A and B). These results
obtained with strain 592 show that it is similar
to strain DU-4916 (19). Additionally, the rela-
tively high cotransduction of mec with tc that
we have observed in both COL and 592 may
reflect the transient genetic association of these
two markers as proposed by Shalita et al. (19).

We have been able to transduce the mec de-
terminant by direct selection (Table 3) into 8325-
4(¢11) from strains COL and 592 but at very low
frequencies (2 x 107 to 5 X 107*). Although this
transduction frequency would generally be con-
sidered within the expected frequency of muta-
tion to the Mec' phenotype, our laboratory and
others have not observed mutation of strain
8325-4(¢11) to the Mec" phenotype (3, 6, 8, 20;
W. M. Shafer and J. J. landolo, unpublished
data). When the mec determinant was trans-
duced into 8325-4(¢11) from either 592 or COL,
a 100% cotransduction frequency with t¢ and
entB was observed. The Mec" T¢" SEB” trans-
ductants obtained from phage propagated on
COL and 592, as expected, contained the plasmid
profile of the parental strains.

Transduction of methicillin resistance was
shown by Cohen and Sweeney (2) to occur at
high frequencies when the recipient contained
the penicillinase plasmid pI524 and was lysogen-
ized by the prophage ¢11. The functions pro-
vided by these two elements in facilitating mec
transduction remain unknown. We wished to
determine if the low level of mec transduction
into strain 8325-4(¢11) could be increased by the
presence of p1524. Therefore, we constructed
strain 8325-4(¢11)(pI524) by transducing pl524
from its natural host, RN492, into 8325-4(¢11).
When strain 8325-4(¢11)(pl524) was employed
as the recipient, the frequency of mec transduc-
tion from strains COL, 592, and Du-4916 in-
creased approximately 100-fold (Table 3). The
Mec’ transductants were scored for Tc' and SEB
synthesis. Neither the Tc¢" plasmid nor entB was
cotransduced with mec when the chromosomal
SEB strain COL served as the donor; each
marker individually and jointly segregated with
mec at low frequencies when transducing lysates
from the plasmid SEB strains, DU-4916 and 592,
were employed. Cotransduction analysis dem-
onstrated that the entB gene was only trans-
duced when the clones were resistant to both
tetracycline and methicillin. All of the Mec" Tc*
clones analyzed were SEB ™.

Regardless of the donor strain emploved, anal-
ysis of the plasmid DNA profile of the 8325-
4(411) (p1524) mec clones demonstrated only the
presence of the pl524 plasmid (data not pre-
sented). The 8325-4(¢11)(pI524) mec tc entB
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TarLe 3 Cotransduction of SEB with Mec’ and Te' selection

Selected phenotype” ino.

Donor strain Recynent Clonesfreque v) Cotransduction
COL, 8325-4(a11) Tec' 4600/4.6 x 10" Med" (677), SEB (A7)
Mec’ and SEB (10)°

8325-4($11) Mec 4/2 % 10" Te (100701, SEB (1007%)

B325-4(11)(pl524)

8325-4(a1H(plH24)

Te' 1300/1.3 x 10"

Mec’ 260/2.6 x 10 °

Te' and SEB (100}
Mec' (0.923%7), SEB (0.78%)
Mec' and SEB (857))
Te' (107), SEB w07

592 RI125-4(¢p1 D Te' 2400/2.4 x 10 " Mec' (27), SERB 29)
Mec" and SEB (1007)"
RA20-Hot D Med 6/5 % 100" Te" (1007%), SEB (1007)

R325-4(1 IHpI524)

8325-4(a11)plH24)

DU-.4916 BI25-4(p1 1) (pIH24)

R325-4(H1 1) (pl524)

Te 1100711 < 10 ©

Mec' 560/5.6 x 10 ©

Te 4500/45 x 10"

Mec® 650/6.5 x 10

Te" and SEB (100"
Mec™ (3.87), SEB (27)
Mec' and SEB (53%)"
Te' (6%), SEB 2.4%)
Te" and SEB (40%)

Mec' (0.769), SEB (0.37%)
Mec' and SEB (4075
T (5%, SEB (3.8%)

Tc' and SEB (765)"

“ Frequencies are expressed as the number of transductants per plaque-forming unit.
" Expressed as the percentage of Mec' T¢' cotransductants that are SEB*.

derivatives obtained from the 592 and DU-4916
transducing lysates were found to contain p1524,
the 3.0-Mdal Tc¢" plasmid, and pentB (data not
presented).

To determine if the T'¢” plasmid was involved
in the successful transduction of mec and entB,
we also employved strain 8325-4(¢11)(pl524) as
the recipient in tc transduction. The donor
strains consisted of COIL, 592, and DU-4916.
Transduction of ¢ from strain COL occurred at
a frequency of 1.3 X 10 *, and the Mec' pheno-
type was cotransduced at a frequency of 0.92%,
Several T¢' Mec' and Te¢' Mec™ transductants
were propagated in 3% NP, and the spent media
were analyzed for toxin. All of the T¢" Mec
derivatives were found to be SEB | whereas six
of seven T¢' Mec' cotransductants were SEB".
Plasmid DNA analvsis of these clones revealed
only the presence of p1524 and T¢" plasmid (data
not presented). When strains [YU-4916 and 592
were the donors of fe, both mece and entB were
cotransducible. The frequency of mee cotrans-
duction using phage propagated on DU-4916 was
0.76 and 3.5% when 592 was the donor strain.
SEB analysis of the T¢' Mec™ and Tc¢" Mec*
transductants obtained from both DU-4916 and
592 demonstrated that tetracvcline selection fa-
cilitated the joint cotransduction of mec and
entB.

In sumn iry. the cumulative transduction re-
sults obtained demonstrate that entB is not
physically linked to the T¢' plasmid or closely

linked to the mec gene in any of the three strains
analvzed. However, SEB’ transductants were
apparent when the recipients were jointly co-
transduced for both mec and tc but neither
marker alone. Plasmid DNA analysis of SEB*
transductants also revealed that, in strain COL,
the entB gene is chromosomal, whereas the de-
terminant is linked to the pentB plasmid in
strains 592 and DU-4916. A summary of the
transduction results obtained in this study is
provided in Table 3.

The involvement of the tetracvcline plasmid
in these manipulations led us to investigate
whether a resident Tc¢' plasmid was necessary
for entB transduction. Specifically we wished to
evaluate whether a resident Tc” plasmid per-
forms a role in establishing entB or mec into the
chromosome. We transduced the Tc¢' plasmid
from DU-4916S (17) into 8325-4(¢11) and R325-
4(611)(pI524). Using these transductants as re-
cipients, we transduced for Mec” and screened
for SEB production, Transduction of mee from
COL was not observed when 8325-4(611) e was
the recipient but did occur when the pl524 de-
rivative was used (frequency of 2.3 x 10 )
Twenty randomly picked 8325-4(o11)(pI524) te
me. derivatives were propagated in broth and
analyzed for SEB. All were SEB . These data
indicate that a resident T¢' plasmid does not
enhance either mec or entl3 establishment.
Rather, the data shown in Table 3 indicate that
transmission of the Tc¢" plasmid plavs a critical
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role in establishment of the Mec¢" SEB” 1** eno-
type. The entB genetic variability (i.e., plasmid
versus chromosoi  loci) and the fact that mec
also behaves as a transposition element (20)
suggests that the Tc' plasmid may be involved
as an intermediat.  :ctor of either or both genes.
-y In the foregoing experiments, we have been
unable to separate entB from mec. That is, we
have never isolated an SEB" transductant that
was not also Mec". However, the converse is
possible; the majority of the Mec’ clones that
have been isolated are SEB (this study: 9, 19).
These findings prompted us to examine the de-
gree and manner of linkage of the mee and entB
genes.

Based on a high frequency of coelimination,
Dornbusch et al. (3, 4) suggested that mec and
entB genes were linked. Because our transduc-
tion data were radically different unless associ-
ated with a Tc¢” plasmid, we examined this ques-
tion using two different elimination strategies
We employed culturing in ethidium bromide and
a recent procedure for mec elimination outlined
by Kuhl et al. (8) involving transduction of no-
vobiocin resistance (not) into mec strains.

Curing experiments were carried out by cul-
turing strain COL in TSB contaimng 9 X 10 "M
ethidium bromide and 592 in TSB containing
4.5 X 10 * M ethidium bromide. These concen-
trations were the minimal inhibitory concentra-
tions for each isolate. After incubation at 37°C

INFRCT. IMMUN.

for 36 h, 500 colonies from each isolate were
analyzed for antibiotic resistance and SEB syn-
thesis by replica plating onto TSA containing
the desired antibiotic and NP antibody agar.
When strain 592 was analyzed by this procedure,
two classes of derivatives were obtained; Pc¢* T¢"
Mec” SEB' (5% elimination frequency) and Pc¢’
Te* Mec™ SEB™ (0.80%) clones (Table 4). The
former lacked only the 17.5-Mdal plasmid but
synthesized SEB at the same level as the paren-

tal {25 ug/ml). Conversely, the latter lacked both .

the 3.0- and the 1.15-Mdal plasmids and did not
produce SEB even when 25X concentrated cul-
ture supernatants were analvzed. When strain
COL was propagated in ethidium bromide bfoth,
the Tc¢" and Mec' phenotypes were not elimi-
nated (500 surviving colonies were analyzed [Ta-
ble 4]). We therefore analvzed the stability of
the entB determinant by replica plating all col-
onies onto NP antibody agar plates. This pro-
cedure did not reveal any SEB derivatives. As
reported by others (3, 19), conventional elimi-
nation procedures strongly suggest linkage of
these two genes among plasmid SEB producers.
The chromosomal strains were remarkably sta-
ble and, to assess linkage in this group, we em-
ploved the following approach.

Kuhl et al. (8) recently demonstrated that the
mec determinant is site specific and maps in the
pyr-his-nov-pur-mec linkage group. Transduc-
tion revealed that, when Mec’ Nov* recipients

TaBLE 4. Plasmud DNA profile of antibiotic-sensitive and toxin-negative derivatives

Strain Phenotvpe Mol wt of plasmudts” Source

592 Pe', Te', Mec!, SEB’ 17.5, 3.0. 1.15 Wild tvpe

592 A Pc’, Te', Mec', SEB’ (5.0%, 24/500)" 3.0, 1.15 Ethidium bromide cur-
ing

592 B Pc' T¢", Mec™, SEB  (0.8%, 4/500 175 Ethidium bromide cur-
ing

592 nov Pe’, Tc', Mec', SEB* (1009, 500/500) 175,30, 1.15 Nov' transductant from
1SP2

COl, Te', Mec', SEB® 3.0 Wild type

COL nov Te', Mec’, SEB* (967, 288/300) 3.0 Nov' transductant from
ISP2

COL nov Tc', Mec", SEB (4%, 11/300) 3.0 Nov' transductant from
ISP2

COL nov Tc*, Mec®, SEB  (0.3%, 1/300) None Nov' transductant from
18p2

57-dk Pc’, Tc', Mec', SEB* 17.5,3.0 Wild tvpe

57-dk A Pc, Te', Mec', SEB* 3.0 Ethidium bromide cur-
ng

57-dk-nov Pc’, Tc', Mec', SEB* (88%., 176/200) 17.5, 3.0 Nov' transductant from
ISp2

57-dk-nov Pc’, T, Mec', SEB* (3.5%, 7/200) 17.5. 3.0 Nov' transductant from
ISp2

57-dk-nov Pe’, Te', Mec', SEB* (1.57%, 3/200) 17.5, 3.0 Nov' transductant from
1Sp2

57-dk-nov Pc', Te', Mec”, SEB (7%, 147200 17.5, 3.0 Nov' transductant from
ISP2

" Fxpressed in megadaltons as determined by agarose gel electrophoresis.

» Reported as the frequency of isolation.
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were rendered Nov' by transduction, the Mec'
phenotype was lost at low frequencies (1 to 5%).
To test whether methicillin resistance and SEB
synthesis could be eliminated by this procedure,
phage 29 was propagated on strain ISP2 and
used to infect strains 592 and COL. Using strain
COL as the recipient, nor was transduced at a
frequency of 2 X 10 " (Table 4). The Nov' trans-
ductants were subsequently replica plated onto
TSA. TSA-methicillin, and NP antibody agar.
This procedure demonstrated a 47 (12/300) fre-
quency of mece elimination. Of the 12 Mec
clones, all were SEB and one derivative also
lost the Tc' phenotype. These derivatives were
analvzed for plasmid DNA by agarose gel elec-
trophoresis, and the Tc" Mec” SEB  clones con-
tained the 3.0-Mdal Tc¢" plasmid whereas a single
Tec* Mec” SEB ™ clone lacked this 3.0-Mdal spe-
cies. Therefore, except for one derivative, SEB

clones of strain COL contain the same plasmid
DNA profile as the parental. When strain 592
was used as the recipient, the not” gene was
transduced at a frequency of 9 X 10 *, However,
all of the Nov' transductants retained both the
Mec" and SEB” phenotypes. A similar approach
was emploved with another chromosomal entB
isolate, strain 57-dk. Approximately 12.0% of the
Nov' transductants were found to be Mec* or
SEB", and in about half (5%) the mec and entB
genes were independently eliminated (Table 4).

Both approaches at elimination of genes
(chemical curing and nov transduction) have
resulted in an inconclusive general model of
chromosomal linkage for entB and mec. Chemi-
cal curing of the entB gene was only effective
with plasmid SEB' strains and indeed suggests
linkage with mec. The use of nov transduction
proved to be an adequate strategy for entB
elimination in chromosomal strains, bat differ-
ent results were obtained with each strain. In
strain COL the genes for methicillin resistance
and SEB behave as though thev are closely
linked because they coeliminate totally. On the
other hand, in strain 57-dk linkage is much less
pronounced, with each gene being independently
eliminated.

To examine this region of the chromosome in
more detail, we have analyzed the nov-pur-mec
linkage group as defined by Kuhl et al. (8) for
the presence of the toxin gene. The strains em-
ploved in this investigation were Nov' and Pur”.
We transduced the nov gene via phage 29 from
ISP2 to the SEB' strains DU-4918, 592, COL,
and 57-dk. The Nov' transductants were subse-
quently scored for the Mec" and SEB’ pheno-
types to insure that these phenotypes had not
been eliminated. Selected clones exhibiting the
Nov" Mec’ SEB’ phenotypes were infected with
phage 29, and the resulting sterile lysates were
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employed for nov transduction. Using strain
8325-4(a11) as the recipient, the frequency of
nov transduction ranged from 3 X 107" to 5 X
107, depending on the donor strain (Table 5).
Cotransduction of mec occurred at low frequen-
cies (2 to 8%). All of the 8325-4(¢11) not trans-
ductants, regardless of the donor strain, how-
ever, remained SEB . Therefore, entB does not
belong to the pyr-his-nov-pur-mec linkage group
and reinforces our contention that these two
genes are not closely linked.

To further confirm the results of these trans-
duction experiments, we have emploved Mec’
selection in transformation experiments with
chromosomal DNA prepared as described by
Sjostrom et al. (20). Using this DNA prepara-
tion, Sjostrom et al. were able to obtain high
frequencies of mec transformation but were un-
able to obtain Mec" transformants when the
plasmid-containing fraction was employed. In
our hands, using S. aureus strain 8325-4(¢11) as
the recipient and donor DNA prepared from
strains DU-4916, 592, COL., and 57-dk, the fre-
quency of mec transformation ranged from 2 x
107 to 9 x 107", Mec' clones were subsequently
replicated to NP antibody agar to score for the
toxin phenotype. All Mec' clones, regardless of
the source of the donor DNA, did not produce
SEB and were devoid of plasmids as determined
by agarose gel electrophoresis (Fig. 4). Regard-
less of the source of the donor DNA, the only
ethidium bromide-staining material evident
from the 8325-4(¢11) mec transformants was
chromosomal DNA. Therefore, by this criterion
it also appears that mec and entB are not closely
linked genes.

DISCUSSION

A previous report from this laboratory (17)
demonstrated that the gene responsible for SEB
synthesis is capable of existing in either the
plasmid or the chromosomal state. However, a
degree of uncertainty still remains regarding the
plasmid locus. The problem revolves around the
unselectability of the entB gene. Analysis has
been carried out by cotransfer of this relevant
genotype with the determinant specifving meth-

TaBLE 5. Transduction of nov from SEB-producing

stramns
Transduction Frequency
Donor Recipient  ~—— - T o -
, Nov™ Mec* SEB’
COL-nov RI25-4611) 457 x 10~ 8% 0
57-dk-nor 8325.4(611) 362 x 10 a5 0
592-nov 8325.4(a1 1) Ix 0" 2 0
DU-4916-n0v A325-4(611) 5x 10 4% [§

" Expressed as number per plague-forming unit
* Expressed as cotransduction frequency.
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A B C D

Fi16. 4. Agarose gel electrophoresis of cleared [v-
sate DNA extracted from mec transformants, S. au-
reus strains DU-4916, and 8325-4(s11). (A) S. aureus
DU-4916; (B) S. aureus 8325-4(511): (C) S. aureus
8325-4(p11) mec: (D) S. aureus 8325-4(d11) mec. The
mec transformant in panel C was obtained from
donor DNA of S. aureus DU-4916, whereas the mec
transformant in panel D was obtained from donor
DNA of S. aureus COL.

icillin resistance. Apparent genetic linkage has
been reported between these two markers (3, 4),
and although not 100% it is greater than one
would predict for the random association of
genes. Therefore, the SEB' phenotype has al-
ways been determined in either plasmid (3, 4.
19) or chromosomal strains (this study) by
screening among a background of methicillin-
resistant isolates. Although this situation might
suggest that the plasmid entB locus in particular
is an artifact of the assay system, the complete
(i.e,, 100%) correlation of the plasmid with the
SEB’ phenotype among such strains argues
strongly for this configuration.

The purpose of this investigation was twofold.
Firstly, we have been concerned with the phys-
ical disposition of the ent B gene and have wished
to confirm the existence of a plasmid responsible
for SEB synthesis in a strain other than DU-
4916. Secondly, we have bheen interested in de-
tailing the linkage arrangement of entB with the
tetracycline and methicillin resistance genes.

A survey of the extrachromosomal DNA pro-
file of 15 Mec' isolates demonstrated that only
a minority of strains (37.5%) contain the 1.15-
Mdal plasmid presently implicated in SEB syn-
thesis. One of these isolates, S. aureus 592, was
chosen for genetic examination, and the results
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obtained were consistent with previous work in
strain DU-4916 (19). Specifically, the loss of
SEB synthesis due to elimination by culturing
in the presence of ethidium bromide resulted in
the concomitant loss of the 1.15-Mdal plasmid.
Additionally, transduction of entB, via selection
for methicillin and tetracycline resistance, into
strain 8:325-4(¢11) or the pl524-containing deriv-
ative demonstrated that all SEB* clones har-
bored the 1.15-Mdal plasmid. Although we do
not presently have direct biochemical evidence
to demonstrate that the structural gene is pres-
ent on this plasmid, it is clear from both our
results and Shalita et al. (19) that this plasmid
15 eritically involved in the establishment of
enterotoxigenesis, ’

Our data have also demonstrated that, in
other Mec" isolates, the entB gene can occupy a
chromosomal locus. This was shown when the
single plasmid harbored by strain COL failed to
confer the toxin phenotype when transferred.
Further evidence showing that the entB gene is
maintained differently in strains COL and 592
was reflected by the phenotypic stability of SEB
synthesis. As is characteristic of plasmid and
chromosomal genes, entB was eliminated in
strain 592 but not COL when cultured in the
presence of ethidium bromide.

Since the initial examination of mec and entB
in 8. qureus DU-4916 by Dornbusch and Hal-
lander (3), numerous studies have attempted to
elucidate the genetic status of mec. The cumu-
lative data have unambiguously shown that mec
is chromosomal in most if not all isolates (6, 8,
20, 22). Transformation of mec has been shown
by Sjostrom et al. (20) to be independent of recA
function(s) and has therefore been implicated as
a potential translocatable element. Kuhl et al.
(8) have established the chromosomal map site
for mec as belonging in linkage group U on the
staphylococcal chromosome and have suggested
that, if mec is a translocatable element, insertion
is site specific.

The rigorous examination of mec by other
investigators (6, & 20, 22) has ignored the ques-
tion of linkage with entB. Therefore, the original
proposal of linkage made by Dornbusch et al. (4)
has not been satisfactorily verified. Although
SEB svnthesis is characteristic of most Mec"
isolates (10), the results of this investigation
demonstrate that mec and entB do not belong
to the same linkage group when analyzed by
transformation and transduction. However,
when analyzed by transduction, both genes can
be transduced at low frequencies with the Tc"
plasmid. The surprisingly high frequency (ca. 5
x 10 "to 2 X 10 ') with which this event occurs
argues against a chance packaging of these phys-
ically unlinked genes by a transducing particle.
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In fact, cotransduction of the entB gene, regard-
less of the plasmid or chromosomal nature of
the determinant, was only obtained when the
recipient was rendered resistant to both methi-
cillin and tetracycline. Transduction of either
resistance marker alone did not promote co-
transfer of entB. Furthermore, this role does not
appear to be unique to the Tc¢' plasmid carried
by any single strain, since identical results have
been obtammed with at least three different
strains. This occurrence reinforces the conten-
tion of Shalita et al. (19) that all three genes
may be transiently associated during transduc-
tion. The basis for this anomaly is not presently
understood, although our observations suggest
that, during transduction, the T¢' plasmid per-
forms an obligatory step in the cotransfer of the
mec and entB genes. This seems likely because
prior residence of the T¢' plasmid in the recipi-
ent does not result in productive transduction of
both mec and entB. In a dynamic sense such
transient associations would initially involve
mec and the T¢' plasmid forming a genetic unit
which may or may not include entB, and that,
once established, the genes are positioned in the
correct configuration, This latter event is under-
scored by the lack of any single recipient clone
containing a single plasmid element possessing
all three genes.

The results obtained in this and our previous
investigation (17) of the genetic determinant
responsible for SEB clearly demonstrate the
complexity of analysis of the entB gene. Our
findings of chromosomal and plasmid loci in-
volved in toxin synthesis and the interrelation-
ship with other genetic elements suggest that
the entB gene may be capable of transposition
activitv. Work with recombination-deficient mu-
tants is in progress and should resolve this ques-
tion. Moreover, additional study of the associa-
tion of mec and entB and the role the T¢' plas-
mid may play in the establishment of these
genes is also necessary to understand the system.
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Transduction of Staphylococcal Enterotoxin B Synthesis:
Establishment of the Toxin Gene in a Recombination-
Deficient Mutanty
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Cotransduction of enterotoxin B synthesis into a recombination deficient mu-
tant only occurred when the donor contained the pEntB plasmid. Enterotoxin B
from chromosomal genotypes could not be established in such hosts. These data
suggest that the entB gene is not capable of high-frequency translocation.

In other communications (8, 9) we showed
that the genetic determinant for staphylocaccal
enterotoxin B (entB) can be either plasmid
borne or chromosomal. About one-third of the
strains analvzed possessed the plasmid geno-
type, and all of these were methicillin resistant
(Mec'). The remaining two-thirds of the strains
possessed chromosomal determinants of staph-
vlococcal enterotoxin B (SEB) and were either
Mec" and Mec’.

Genetic analysis showed that the entB gene
could only be studied in those strains that were
Mec'. In fact, methicillin resistance and SEB
cotransduced with high frequency (8-10), al-
though they do not appear to be closely linked
genes (9). Furthermore, the mobility of the entB
gene from either plasmid or chromosomal do-
nors seems dependent upon cotransfer of mec
and a tetracycline resistance plasmid.

Methicillin resistance has already been sug-
gested to be a translocatable genetic element
(11). The strong association exhibited by mec
and entB and the plasmid-chromosomal genetic
duality exhibited by the enterotoxin determi-
nant suggest that enfB may also possess the
ability to translocate. We have examined this
possibility by employing a recombination-defi-
cient (recAl) mutant as a recipient in the trans-
duction of entB. This approach is based on ob-
servations from several laboratories (5, 6, 11, 12)
that staphylococcal plasmids and high-fre-
quency translocation elements (but not chro-
mosomal genes) are readily established in such
hosts.

We compared the ability to transfer the SEB
phenotyvpe from plasmid and chromosomal entB
genes into both rec* and rec recipients. The
donor and recipient strains employed in this

t Contribution no. 80-65-) from the Kansas Agrnicultural
Experiment Station, Manhattan. KS 66506

t Present address: Division of Infectious Diseases. Nepart-
ment of Medicine, School of Medicine, University of North
Carolina, Chapel Hill, NC 27514

study are listed in Table 1.

We emploved strains 8325-4(¢11)(pl524) and
8325-4(p11)(pl524) his-7 recAl as recipients for
mec transduction because Cohen and Sweeney
(2) showed that mec was transduced at high
frequencies when the recipient strain contained
a 20 X 10"-dalton (20-megadalton [Mdal}) peni-
cillinase plasmid (pI524) and was lysogenized by
the prophage ¢11. Strain 8325-4(¢11)(p1524) his-
7 recAl was constrniucted by transducing pl524
from strain 8325-4(pI524) into 8325-4(¢11) his-7
recAl. The recAl genotvpe was confirmed by
the inability to induce ¢11 (16) and the inability
to serve as a recipient for a chromosomal gene
(nov). The stringency of the recA I genotype was
evident by the abilitv to be transduced for plas-
mid-associated tetracycline resistance (Tc'}) at a
frequency of 10°® and the inability to obtain
novobiocin-resistant transductants (using ISP2
as the donor; frequency, <107").

The preparation of phage 29 transducing ly-
sates and transduction has been described else-
where (8, 9). Tetracycline-resistant (Tc") trans-
ductants were selected on Trypticase soy agar
plates containing 5 ug of tetracycline per ml and
were screened for the phenotype by replicating
onto agar plates containing 5 ug of methicillin
per ml and 5% NaCl. The process was reversed
for primary selection of Mec' transductants.
When Mec" transductants were desired, the
phage preparation was treated with ultraviolet
light before infection in order to increase the
transduction frequency (2). All Mec' Tc" clones
were repurified on agar containing both drugs.
Enterotoxin production by single colonies was
determined immunologically by Elek plate anal-
ysis (1, 9) and Laurell immunoelectrophoresis
(3, 8, 9) of 36-h culture supernatants. Plasmid
deoxyribonucleic acid (DNA) analysis was per-
formed as described by Shafer and landolo (9).

In Table 2 it can be seen that Mec” Tc' clones
from DU-4916 were obtained when either Mec"
or Tc" was initially selected. However, when
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strain COL was the donor of Mec' and T¢'. the
double transductants were only obtained when
the initial selection was for Tc'. All Mec¢' T¢'
clones were screened for SEB production. The
results demonstrate that when DU-4916 (which
hosts pEntB) served as the donor, toxin synthe-
sis was cotransduced with Mec® and Tc¢" equally
well into either the recAl” or recAl recipient.
With primary selection for Mec’, 30% of the Tc¢"
cotransductants were SEB” in the recA! host,
whereas 52% of the recA 1" cotransductants were
SEB”. When T¢" was used for primary selection
with the recAl host, 100% of the Mec' cotrans-
ductants were SEB’. The corresponding control
showed 30% SEB® Tc" Mec' cotransductants.
When strain COL (chromosomal entB geno-
tvpe) served as the donor for Mec" and T¢',
SEB® transductants were only obtained when

TaBLE 1. Bacterial strains used in this study

Strain Relevant genatvpe” Source
DU-4916 ed bla te mec entB S, Cohen
COL te mee entB B Wilkinson

8325-4 (pI524) cad bla R. P Novick

8325-4 (11} ol P. A TPattee

R325-4 (&1 ol hla cad This lahoratory
(p1524)

Ri25-4 ($11) Aus-7 &1L recAt R I Novick
"('l'.“’

R125-4 (&3]
(pIS2 hes-7
recAl

18pP2 K25 not

&1t bla cad recAl This laboratory

P A fattee

" Abbreviations are as follows o, cadmium resistance: bla,
beta-lactamase production; fe, tetracyceline resistance; mee,
methicillin resistance; enth, enterotoxin B; nor. novebiocin
resistance: &11. prophage ¢11.
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the recAl" recipient was employed. To deter-
mine whether the Mec" T¢' recA! transductants
obtained from strain COL produced low levels
of SEB which were not detected by Elek plate
analysis, several clones were propagated in 3%
NP broth for 36 h, and the culture supernatants
were concentrated 50-fold by pervaporation (3).
The concentrated samples were analyzed for
SEB by immunoelectrophoresis and were found
to be devoid of toxin.

Agarose gel electrophoresis of cleared lysates
from donor strains, recipient strains, and trans-
ductants was performed to verify the plasmid
profiles of each clone. The agarose gel profile of
the donor strains (DU-4916 and COL), the recip-
ient strain 8325-4(¢11)(p1524) his-7 recAl, and
the transductants is presented in Fig. 1. The
plasmid DNA profile of the parent strain DU-
4916 is presented in lane A, and its SEB~ and
SEB® derivatives of 8325-4(¢11)(pl524) his-7
recAl mec tc are presented in lanes E and F.
Both clones were found to contain the resident
pl524 plasmid and the transduced Tc¢" plasmid.
However, the SEB", but not the SEB", deriva-
tive also contained the 1.15-Mdal pEntB plasmid
present in strain DU-4916. Similar gel profiles
were obtained when the recA!” transductants
from strain DU-4916 were analyzed for the pres-
ence of plasmid DNA (data not presented).

The plasmid DNA profile of the transductants
using strain COL as the donor of mec and ¢ was
also analyvzed. The 3-Mdal plasmid responsible
for tetracycline resistance in strain COL (lane
B) was resolved in all transductants resistant to
tetracycline (lane 1J). Furthermore, SEB*

TasLe 2. Transduction studies using a recombination defictent mutant

T T 1 » »
: ) I Plasmid profile
Donor  (Recipient  Selected phenotvpe” | Cotransduction ! Mece:Te " SEB - -
| ! ‘ SER'  .SER
- - . . R - t - - I - . . _{,—_
DU-4916 | recAl" 'Mec', 6.5 X 10 C T, 5% (3376504 33 x 10" 52 {(17/33) [20/3/1.15 2073
I 3 I
(650 I | y
DD-4916 | recAl |Mec', 49 x 10 7 { T, 4.7% (23/490) 23X 10 % 1304 /20 | 20/3/1.05 [ 2073
‘ ‘
| (490) |
DU-4916 | recAl® (T, 45 % 10 * : Mec', .75% (34,4.5000 | 3.4 x 10" 1 30 (10234) | 20/3/1.15 1 20,3
L (4.500 I
DU-4916 | recAl ‘,T(-'. 147 x 10" i Mec', 0.65% (6/971) 90 x 10 100 (6/6) 20/3/1.15 { 20/3
971 ;
COL [recAl’ \Mec', 26 % 10 ‘ Ter 05 Lo 20
SR ;
COL recAl (Mee”. 69x 10~ | Te', 0% oo 20
T l |
ol reeAl” Te 1 x 0" F Mee, 00297 (12/13000 ) 1.2 10 83 (10/12) 12043 2073
(F.30; |
COIL, recAl  Te' 2TR X 100" ’ Mece', 065 (1872780 1 1A x 10 ; 0 10,1000 20,3
! (2,780
Y PR S | o o RN, E ,,1,4__",_,_* | N S—

" Frequencies are expresserd as the number
number of clones sereened.

of ransductants per plaque-forming umt. Parentheses indicate

" Expressed in megadaltons as determined by agaroze gel electrophoresis. Numbers are three different
motecular weights of the three plasmids under consideration
" Total aumber of Mee Te' transductants sereened from at least three separate experiments.,
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A B C D E F

FiG. 1. Agarose gel electrophoresis of cleared lv-
sate DNA. (A} Staphylococcus aureus DU-4916; (B)
S. aureus COL; (C) S. aureus 8325-4(61 1)(pI524) his-7
recAl; (D) B325-4(511)(pl524) his-7 recAl mec tc; (F)
8325-4(611)(pl524) his-7 recAl mec tc: (F) 8324-
4(d11)(pl524) his-7 recAl mec te entB. The transduc-
tant presented in (D) was obtained using S. aureus
COL as the donor for Mec' T¢': S. aureus strain DU-
4916 was the donor for the clones presented in (F)
and (F). Details regarding the conditions of electro-
phoresis are presented in reference 7.

(recAl') and SEB" (recAl’ and recAl) trans-
ductants resistant to both methicillin and tetra-
cycline had the same plasmid DNA profile. In
other experiments, transductants resistant to
tetracycline but not methicillin also harbored
the 3-Mdal plasmid. A summary of the genetic
and plasmid DNA results obtained is presented
in Table 2.

The finding that entB from strain DU-4916
was established in both 8325-4(311)(pl524) and
the recAl derivative confirms previous reports
(9, 10) that the gene is plasmid borne in this
strain. Additionally, the assaciation of entB with
the 1.15-Mdal plasmid is evident.

We recognize that translocation of chromo-
somal entB was not unequivocally examined
hecause of the inability to select directly for
SEB® transductants. However, these experi-
ments in the recA 1 recipient confirm the lack of
plasmid linkage in chromosomal strains and in-
dicate that any potential independent translo-
cation of entB must occur at a very low and
presently undetectable frequency. That is, if the
transduction frequency of 10 * for entB noted in
this work (from strain COL to the recAl’ recip-
ient; Table 2} is multiplied by the probability of
translocation of other staphyvlococcal transpo-

INFECT. IMMUN.

sons of about 10°* per donor genome (7), then
the combined probability of 107" is well below
the limits of detection of this system. Indeed,
this same argument was recently stated by Phil-
lips and Novick (7) to explain the inability to
detect translocation of Tn 551 in recAl recipi-
ents by transduction.

In contrast, the ability to establish chromo-
somal methicillin resistance in the recAI recipi-
ent suggests that this gene does translocate at
high frequency. Further, this finding under-
scores the absence of linkage between mec and
entB, which we reported earlier (9), even though
such linkage seems evident in the wild type
(Table 2).
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Experiments were performed to further elucidate the genetic mechanisms
underlving the svnthesis of staphylococeal enterotoxin B (SEB). Our laboratory
has previously shown that, in strains of Staphylococeus aureus which harbor a
1.15-megadalton plasmid (pentB or pSN2), the plasmid appears to be required
for SEB svnthesis; in other S. aureus strains, designated chromosomal SEB
producers, this 1.15-megadalton plasmid is conspicuously absent. We report here
than in both Bacillus subtilis minicells and a coupled translational assay, pSN2
codes for a polypeptide of 18,000 daltons. This product is not immunologically
reactive with purified anti-SEB globulin. Nevertheless, pSN2 is necessary but not
sufficient for SEB svnthesis in strains which harbor the plasmid. Further, the
data provide a reasonable link between plasmid-bearing and chromosomal SEB
producers: transformational analysis indicates that both require functions speci-
fied (in plasmid-bearing strains) by pSN2 for SEB svnthesis. The combined
genetic and biochemical data suggest that pSN2 is not the reservoir for the SEB
structural gene, but that the pSN2-specific functions requi: -d for SEB synthesis
are regulatory in nature. '

In recent vears, the genetic hasis for staphyv-
lococcal enterotoxin B (SEB) synthesis has been
the subject of increasing attention. However, the
genetic determinants required for SEB produc-
tion remain unidentified. Earlier. Dornbusch et
al. (3) studied SEB production in Staphylococ-
cus aureus D1-4916, a methicillin-resistant clin-
ical isolate. These authors concluded, upon the
basis of cotransduction and coelimination data
that the Mec” and SEB markers might be phys.
ically linked on a small plasmid. Shalita et al.
(15) examined this Mec' SEB’ strain with re-
spect to SEB production and concluded that a
small plasmid, pSN2 (we [14] referred to this
plasmid as pentB), was critical for enterotoxi-
genesis. Previous studies reported by our labo-
ratory (14) confirmed the correlation hetween
enterotoxin B production and this small 1.15-
megadalton (Mdal) plasmid in strain DU-4916
and a number of other S. aureus SEB producers.
In another report (13), we also screened a num-
ber of Mec' SEB’ isolates and found that the
majority did not possess pSN2. In transduction
experiments using these strains as donors, SEB’
transductants arose which never contained
pSN2. Consequently, the question of plasmid
involvement in SEB synthesis has not been al-
together clear.

+ Contribution no. B1-461.5, Diviston of Biology, Kansas
Agricultural Experiment Station, Manhattan, KS 66506

We have used transformation and protoplast
fusion techniques to determine the involvement
of pSN2 in SEB svnthesis. Additionally, we have
conducted experiments to clarify the protein
products specified by pSN2 in Bacillus subtilis
minicells and in an in vitro coupled system. The
data suggest that functions specified by pSN2
are required in plasmid-hearing and in chromo-
somal SEB producers, and that pSN2 is capable
of supporting SEB synthesis from a chromo-
somal or an extrachromosomal site. Upon the
basis of the genetic, minicell, and in vitro exper-
iments, we propose that the synthesis of enter-
otoxin B in S. aureus is dependent upon at least
two unlinked genes. We further propose that
pSN2 provides regulatory functions essential for
SEB synthesis rather than serving as a reservoir
for the SEB structural gene.

MATERIALS AND METHODS

Bacterial strains. The bacterial strains used in
this study are described in Table 1.

Mcdia and chemicals. Trvpticase sov broth (BBL
Microbiology Syvstems) was used for routine cultiva-
tion of 8. aureus strains and B. subtilis 168 and was
supplemented with thymine and methionine (100 ug/
ml each) for B. subtilis CUS03 dic- IV Bl and its
derivatives. Solid media consisted of Trypticase soy
broth supplemented with 1.57¢ agar.(Difco Laborato-
ries). For toxin production and analvsis, cells were
grown in 37 N-.Z amine-3+ protein hydrolysate
(NAK-PHP) (13} broth.
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TawvLr 1. Bacteria wused in this studs

B. subtilis CUS03 ofre--
IVBI derivatives

3 Strain Denvation Relevant phenotvpe Plasmid profile” Saurce
B. subtilis 168 dernatinves
KSI500 B subtilis 188 None J. Urban
KSIH0 Transformant of KS100 Cmy’ eI This study
.. KsI02 Transformant of KSIn Cm’ SEB pCI94. pSN2 This study
\‘ KSI503 Transformant of KSIH00 Cm' Te' SER pCLO4, pSNI, pSN2 This study

KS8IR20 B suhrihis CUGO3 None N Mendelson
nnt

KS1521 Fransformant of KRI520 Cmy’ peiog This study

KS1522 Transtormant of KS132 Cm SER peIRg pSN2 This study

8. aureus strans

RN450 RN None

KSLno KRN 450 fused with KN[322 m peIRL, pSN2 This studs
minicells

KS1w0 DU.g016 P Fe' Mee' SEB® PpSNL pSN2 pSN3 S. Cohen

KsI1391 DU-49168 P Te' Mee SER p=N1 8. Cohen

KSI392 SER denvative of Pe Fe' Mece' SER pSNI pSN2, pSN3 This study
RSL390

KSI1393 SEB derivative of Pe Tet Mee' SEB pSNIL, pSNi This study
KsIwn

Kshog S6 Cd” SEB’ Cd’ plasmid M. Bergdoll

KSIho SER Cd' SEB Cd’ plasmid This study

KSIi SER' transformant of Cd SEBR’ Cd’ plasmid This study
Ks1110

E coli CSH63

” Marker abreviations: Cm'. chloramphenicol resistance, T'e | tetracyeline resistance, Po penicilhin resistance; Cd’, cadmium

nitrate resistance; Med', methicilhn resistance

" pC194 is a 2.0-Mdal plasmid specifving chloramphenic of resistance (31 pSNT and pSN3are £0.Mdal Te” and 17 5-Mdal Pe’
plasmids, respectively (14). pSN2 s a 1 15-Mdal ervptie plasmid (130, The Cd' plasmid i it 175 Mdal species found in 8 aureus

KSI1109, from which KSIHIO and KSHH were derived (1:D)

Biochemicals were generally purchased from Sigma
Chemical Co., with the following exceptions: pyruvate
kinase and proteinase K were from Boehringer-Mann-
heim; [2- 'H]thymidine (specific activity, 17 Ci/mmaol)
was from Schwarz Mann: and [“8]methionine (spe-
cific activity, L100 Ci/zmmol) was from New England
Nuclear. Highly purified. crvstalline SEB was a gift
from J. Metzger (I8, Army MRDC, Fort Detrick,
Md.). Antiserum directed against SEB was prepared
in New Zealand white rabbits and a domestic goat.

DNA purification. Chromosomal deoxvribonu-
cleic acid (IDNA) for transformation was prepared as
described by Sjostrom et al. (17). Cleared lvsates for
preparation of plasmid DNA were made as described
in a previous paper from this laboratory (14). Cesium
chloride-ethidium bromide equilibrium buovant den-
sity gradient centrifugation for purification of cova-
lently' closed circular DNA from cleared Ivsates was
also performed as previously described by this labo-
ratory (1:3). All DNA concentrations were determined
by absorbance at 260 nm.

Electrophoretically  purified  plasmids  were  ex-
tracted from 1", preparative agarose gels which had
been stained with ethidium bromide. The plasmid
band was excised from the gel with a clean razor blade,
minced, and forced through a svringe into a sterile
30-ml Corex centrifuge tube. A 2.ml sample of 0.}
M tristhvdroxymethvhaminomethane-hvdrochloride
(pH 5.9 was added. Agarase was then added to the
mixture at a final concentration of 0.5 mg/ml. The

tube was incubated at 37°C for 2 h, followed by holding
the mixture overnight onice. The particulate material
was removed by centrifugation (43500 x g for 30
min). The DNA was ethanol precipitated by the addi-
tion of NaC.H.0; to 0.3 M and 2 volumes of cold 957
ethanol. After 12 to 18 h at -20°C. the DNA was
pelleted by centrifugation and dissolved in a small
volume of TE buffer {10 mM tristhvdroxyvmethyl)-
aminomethane-1 mM  ethvlenediaminetetraacetic
acid, pH 7.5]. This solution was phenol extracted three
times with redistilled phenol saturated with TE buffer
and then dialyzed for 24 h against two changes of 1
liter of TE buffer (13). The DNA was again ethanol
precipitated. dissolved in TE buffer, and extracted
three times with TE-saturated n-butanol to remove
any residual ethidium bromide. The DNA was ethanol
precipitated a third time and dissolved in a small
volume of TE buffer before use.

For bulk purification of pSN2 DNA from S. aurcus
K890, an overnight culture was diluted 1:100 in fresh
Trypticase sov broth containing 250 ug of deoxvaden-
osine per mi and grown at 37°C with shaking until the
culture reached 5 Klett units fusually about 30 min).
Plasmid DNA was then labeled with [2- 'H )thymidine
by adding label to the culture at a final concentration
of 4 xCi/ml. Incubation was continued for an addi-
tional 4 h. and a cleared Ivsate was prepared from this
culture. Equal aliquots of this cleared lvsate were
lavered over 13-ml, 5 to 20% sucrose gradients in 0.1
x saline-sodium citrate (SSC; | X SSC is0.15 M NaCl-
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0015 M sodium citrate, pH 7.00; approximately 350
pug of DNA was Llavered over cach gradient. The gra-
dients were centrifuged at 2000060 x g in a Beckman
SW41 rotor for 105 h at 1°C, Fractions (0.2 ml) were
collected from each gradient, and the position of cach
plasmid was determined by counting a small portion
tusually 10 pby of each fraction. Appropriate fractions

‘Swere pooled and analvzed by agarose gel electropho-

resis to assess the purity of the plasmid preparation.
Usually two successive sucrose gradients were neces-
sary to prepare pSN2. Purity of all plasmid prepara-
tions was estimated by first photographing the ethid
ium bromide-stained agarose gel and then scanning
the photographic negative in a Gilford model 240
spectrophotometer with the gel-scanning attachment.
The densitometric tracing was used to estimate plas-
mid purity. Typicallv, pSN2 was greater than 977%
pure by this method.

Transformations. Introduction of plasmid or
chromosomal DNA into various S, aureus recipients
has been described previously (i4). Plasmid DNA was
transformed into B. subtilis 168 (KSI500) or B. subtilis
CU403 div-1V B1 (KS1520) by the protoplast transfor-
mation procedure of Chang and Cohen (2). Plasmid-
bearing minicells isolated from B. subtilis CU403 de-
rivatives were fused with S. aureus recipients by the
method of Stahl and Pattee (M. L. Stahl and P. A.
Pattee, Abstr. Annu. Meet. Am. Soc. Microbiol. 1980,
H32, p. 113) for fusion of S. aureus protoplasts.

Marker analysis. Antibiotic sensitivities were de-
termined on Trypticase soy agar plates into which the
appropriate antibiotic had been incorporated: chlor-
amphenicol (5 and 15 pg/ml) or tetracycline (5 pg/mb.
Screening for the SEB™ phenotype was performed on
NAK-PHP plates into which 1 to 5% anti-SEB serum
had been incorporated. Alternatively, SEB” clones
were identified by the immunological screening
method of Ohman et al. (12). A precipitin line near a
colony was considered presumptive evidence of SEB
svnthesis. Anv presumptive SEB’ phenotype identi-
fied in this manner was confirmed by analysis of NAK-
PHP culture supernatants by Ouchterlony double dif-
fusion or by a nitrocellulose passive blot assay. The
blot assay consisted of electrophoresis of concentrated
culture supernatants in a 157 sodium dodecyl sulfate
(SDS}-polvacrvlamide gel, transferring the electro-
phoretically separated proteins to a sheet of nitrocel-
lulose, and identifving SEB by staining the blot with
"[.labeled affinity-purified anti-SEB immunoglobu-
lin. The details of the blot assay and affinity-purified
antibody preparation will be presented elsewhere (R.
K. Tweten and .J. J. landolo, manuscript in prepara-
tion).

Minicell assays. Minicells were purified from
KS8I520 and its derivatives by the su<rose gradient
method of Shivakumar et al. (16). Plasmid-specific
proteins were labeled with ["S]methionine (100 Ci/
ml), also as described by Shivakumar et al., except
that the nonradioactive methionine concentration in
the incubation medium was reduced 10-fold. This
modification provided enhanced incorporation of the
V'S label. Minicell extracts were analvzed by SDS-
polvacrvlamide gel electrophoresis on a 17.5% gel (7).
The gel was impregnated with 2.5-diphenvloxazole in
dimethylsulfoxide (1), and labeled proteins were visu-
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alized by fluorography (1). Kodak XRP X-rav film was
used with Cronex Lightning-Plus ‘enhancing screens.
and the film was exposed at =70°C for 24 to 36 h.

Coupled transcription-translation assays. Cell-
free assays for plasmid-specific proteins using an E.
coli S-30 extract were performed as described by
Miller (9). except that the reaction mix was prepared
using 2.5 mM rather than 25 mM methionine. After
60-min of labeling with {“S]methionine (10 xCi/ml).
the incubation mixture (100 pl) was precipitated with
1 ml of 207 trichloroacetic acid and buoiled for 15 min.
The precipitate was pelleted in an Eppendorf micro-
fuge, suspended in 1 ml of distilled water by sonication,
and washed twice with distilled water. The final pellet
was dissolved in a small volume (vsually 25 ul) of 0.04
M sodium phosphate buffer (pH 7.2) containing 7%
SDS, 187 2-mercaptoethanol, 107 glycerol. and bro-
mophenol blue tracking dye. This mixture was sub-
jected to electrophoresis on a 17.5% SDS-polyacryl-
amide gel, and the plasmid-specific proteins were vis-
ualized by fluorography.

Ethidium bromide curing experiments. For cur-
ing of plasmids by ethidium bromide treatment, cells
were inoculated into flasks containing concentrations
of ethidium bromide ranging from 4.5 x 10°°* M to 1.8
x 10" M in 25 ml of Trypticase sov broth. These
cultures were incubated in the dark at 37°C with
agitation for 24 to 48 h. The cultures containing the
highest concentration of ethidium bromide in which
bacteria grew were used to plate onto nonselective
Trypticase soy agar. Colonies from this medium were
replica plated to selective and antibody agars and
scored for loss of phenotvpic characters.

Electrophoretic analysis. Electrophoresis of pro-
teins under reducing and denaturing conditions was
performed as described by Laemmli (7). Agarose gel
electrophoresis of plasmid DNA was performed as
described previously (14). .

RESULTS

Since many staphylococcal plasmids are effi-
ciently expressed in B. subtilis (2, 5, 16), we felt
that placing pSN2 in this heterogenous host
would effectively isolate the putative entero-
toxin gene against an innocuous genetic back-
ground. The transformation was accomplished
by mixing buovant density gradient-purified
bulk plasmids from S. aureus KSI3%90 with
pCl194 (from S. aureus RN2425) and transform-
ing protoplasts of KSI500 by the protoplast pro-
cedure of Chang and Cohen (2). The inability to
select directly for the SEB* phenotype led us to
screen for cotransformants with pC194, a 2.0-
Mdal Cm' staphylococcal plasmid, known to be
expressed in KSI500 (2). Cleared lysates of three
of the Cm" B. subtilis transformants, KSI50},
KSI502, and KSI503, are shown in Fig. 1A (lanes
2,3, and 4). Each derivative contains pC194, and
KS81502 and KSI503 also contain pSN2. Addi-
tionally, KSI503 also harbors pSN1, the 3.0-
Mdal T¢' plasmid. Neither KS1502 nor KSI503
produced extracellular SEB, and SEB was not
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found intracellularly (data not shown). These
data implied that, if the enterotoxin gene resided
on pSN2, it was not expressed i I subtilis,
To assess the expression of pSN2 in B. sub-
_tilis, we utilized the minicell-producing strain
“KSI520. To generate minicells employed in this
study we protoplast transformed this strain with
a mixture of electrophoretically purified pSN2
and pCl194. Two clones were isolated, KSI521,
containing pC194, and KSI522, containing both
pC194 and pSN2 (Fig. 1B, lanes 2 and 3). Asin
the previous experiment, Ouchterlony analysis
showed that the B. subtilis transformant KS1522
failed to produce SEB either extracellularly or
intracellularly. Minicells were tsolated from each
of these derivatives, and plasmid-specific pro-
teins were labeled with [ "S|methionine as spe-
cific by Shivakumar et al. (16). In these incuba-
tions chloramphenicol was added at a concentra-
tion of 0.25 pg/mi to induce the production of C-
1 protein of pC194 (16). After a 30-min labeling
period the minicells were collected by centrifu-

I 2 3

P19

pSN2

- A B

Fic. 1. Agarose gel electrophoresis of cleared Iv-
sate DNA. The conditions for electrophaoresis in 17
agarose gels were as described preciowsiy (14). Panel
A shows cleared Ivsate DNA from the [ollmeing
strains: (lane 1) RN2425. comtaining pClod: (lane 2)
KSI500, containing pC194: (lane 3) KSIS02, contan:
ing pC194 and pSNZ2; (lane 4) KSI303, containing
pC194, pSN1. and pSN2: (lane 5) KSI3N), containing
PSN1, pSN2. and pSN2: (lane 6) KSIS00, showcing no
plasmid DNA. Panel B shows cleared Ivsate NINA
from the following strauns: (lane 1) KSI320. contain-
tng no plasmds; tlane 2) KSI521, contatning anly
pCI19; (lane 3) KSI1522, contawning pClog and pSN2.
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gation and protoplasts were generated in 25
sucrose and lvsozyvme. Electrophoresis of mini-
cell extracts treated with SDS and 2-mercapto-
ethanol was performed on a 17.5% SDS-poly-
acrvlamide gel, and the "S-labeled proteins were
visualized by fluorographv. Typical results are
shown in Fig. 2. The large (22,300-dalton) chlor-
amphenicol-inducible, C-1 protein specified by
pC194 is shown in lanes A and B. A second
protein of 18,000 daltons (lane C) appears to be
pSN2 specific, since it is present only in minicell
extracts isolated from KSI522. In other experi-
ments we immunoprecipitated minicell extracts
of both KSI1521 and KS1522 by a double anti-
body procedure with affinity-purified horse anti-
SEB immunoglobulin and goat anti-horse se-
rum. No labeled immunoreactive material ap-
peared either by directly counting the immuno-
precipitate or on analysis of these precipitates
by 17.57% SDS-polvacryiamide gel electrophore-
sis. These findings are consistent with OQuchter-
lony data indicating that KSI522 did not pro-
duce SEB.

In vitro products specified by pSN2. This
laboratory has previously reported the molecu-
lar mass of pSN2 to-be 1.15 Mdal (14). Assuming
no overlapping genes, pSN2 should code for a
maximum of about 63,900 daltons of protein.
However, in the minicell assavs we only ac-
counted for 18 000 daltons of coding capacity for
pSN2. This amounted to about 28% of the total

A B C D E F
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F16. 2. Analvsis of pSN2-specified protein prod-
ucts by 17.50 SDS-polvacrylamide gel electrophore-
sis. Lanes: A. [ VS|methionine-labeled proteins from
KSI1521 minicells containing pC194: B, { "S]methio-
nine-labeled proteins from KSI522 minicells contain-
ing both pCi94 and pSN2; €. "*'Ilabeled SEB: D.
O labeled molecular mass markers cxtochrome ¢
(12.400 daltons), chvmotrypsin (25,000 daltons). oval-
humin (45.000 daltons), and bovine serum albumin
(65.000) daltons): E, [ VS]methionine-labeled proteins
from an E. eoli 8-30 extract programmed with 5 pg of
PSN2; F.oendagenous activity in E. coli 8-30 extract.
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capacity of the plasmid, clearly leaving enough
capacity available for the enteratoxin B gene.
(The mature toxin has a molecular mass of
28,366 daltons [6].) The remainder of pSN2
could still contain the SEB structural gene, al-

(\th()ugh unexpressed in B. subtilis minicells. To
assess whether pSN2 codes for anv additional
peptides, we emploved a coupled transcription-
translation assay using an Escherichia colt S-30
extract (9). However, after visualizing plasmid-
specific [ "S)methionine-Jabeled proteins by
fluorography of a 17.57 SDS-polyvacrylamide gel
electrophoresis, we again obhserved only the sin-
gle 18,000-dalton protein iFig. 2, lane E) as being
clearly pSN2 specific. Immunoprecipitation also
failed to show any immunoreactive imaterial.

Transfer of pSN2 into S. aureus RN450.
The minicell and in vitro products of pSN2
observed in the experiments above suggested
that, if pSN2 is the reservoir for the SEB struc-
tural gene, it must require factors specific to the
staphylococcal protein synthetic apparatus for
expression of the SEB* phenotvpe. In our hands,
an in vitro coupled assay with a staphyvlococcal
extract similar to that described above for E.
coli gave poor or variable results. Consequently,
we transferred pSN2 to S. aureus RN 450, which
does not contain any extrachromosomal ele-
ments or any demonstrable lysogens (10). To do
this we fused isolated KS1522 minicells (contain-
ing pC194 and pSN2) to RN450 cells by the
protoplast fusion technique of Stahl and Pattee
{Abstr. Annu. Meet. Am. Soc. Microbiol. 1980,
H32, p. 113). This consisted of mixing proto-
plasts of both donor and recipient in a medium
containing dimethyl sulfoxide and polyvethylene
glycol. After a short incubation, the mixture was
plated into a nonselective protoplast regenera-
tion medium. Surviving colonies were replica-
plated onto chloramphenicol agar to screen for
the residence of pC194. Any Cm' isolates were
then immunologically tested for SEB produc-
tion, and agarose gel electrophoresis of minily-
sates was used to check for the presence of an
autonomous pSN2 plasmid. A number of Cm’
clones were isolated, all of which contain pSN2
as well as pC194 (Fig. 3A, lane 7). However, none
of these Cm' cells were able to synthesize extra-
cellular SEB when assaved by gel diffusion or
nitrocellulose blot assayv of culture supernatants
(Fig. 3B, lane 8).

Requirement of pSN2 for SEB synthesis
in S. aureus KSI390. Aithough many authors
have clearly associated pSN2 with the elabora.

* tion of SEB (3, 14, 15), most SEB* strains do
not carry the plasmid and are able to produce
the enterotoxin (13, 14). This observation, in
addition to the data above, underscored the need
to unambiguously demonstrate a plasmid-spe-
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cific requirement for SEB svnthesis. To dem-
onstrate this requirement. we chose first to cure
pSNZ from KSEY0 by using ethidium bromide.
The results of this experiment are shown in
Table 2. When KSI390 was cultured in the pres-
ence of 4.5 X 10 " M ethidium bromide at 37°C
and the survivors were plated on NAK-PHP
agar, an unexpectedly high number (224 of 230,
or 97.47) of the cells screened at random, be-
came SEB . Fifteen of these SEB derivatives
were screened for plasmid residence by a mini-
lvsate procedure: all contained pSN2. This strik-
ingly high rate of segregation of SEB™ cells led
us to question the stability of the SEB* pheno-
type in cells not exposed to conditions which
normally cure plasmids. This was particularly
important since these SEB cells all seemed to
contain pSN2. When KSI390 was grown at 37°C
in the absence of ethidium bromide, 289 of 578
(50%) colonies screened had spontaneously lost
the ability to produce SEB. All of the sponta-
neous segregants which we checked bv minily-
sates contained pSN2. For comparative pur-
poses, we checked the spontaneous rate at which
the SEB~ phenotype appears in KSI109 and
found no instability. In fact, none of 1,058 colo-
nies of strain KSI109 grown overnight at 37°C
spontaneously segregated the SEB™ phenotype.
At present we can offer no explanation for this
high rate of segregation of the SEB~ phenotype
in K8I1390. However, these results can be inter-
preted as indicating that (i) pSN2 is not required
for SEB synthesis in S. qureus KSI390 since all
of the SEB™ clones examined still harbored
pSN2, or (ii) pSN2 is required for SEB synthesis,
but that elaboration of the enterotoxin is de-
pendent upon a second element that is highly
unstable in KSI390. We favor the latter expla-
nation, based upon the data collected by other
authors and the following experiments.
According to Novick et al. (11), certain small
staphylococcal plasmids can be cured at a rela-
tively high rate by plating protoplasts of a plas-
mid-bearing S. aureus strain onto a nonselective
protoplast regeneration medium. After allowing
regenerant colonies to arise, one can screen for
loss of a particular plasmid by an appropriate
method. Presumably this plasmid curing is the
result of alterations in the cell membrane which
either impair plasmid segregation during cell
division or interfere with plasmid replication.
Using this rather benign treatment., we were able
to cure pSN2 from KSI390. The derivative,
KSI1393 (which still contained pSN1 and pSN3)
(Fig. 3A, lane 4), remained Pc" Tc¢' Mec', but
became SEB . Purified minicells from KS1522
(containing pC194 and pSN2) were then used to
make “mini-protoplasts” which were fused to
protoplasts of KSI393. After regeneration, the
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TanLE 2. Segregation of the SEB - phenutipe

Stran Treatment No ”v' coko: No of colonws SER Plasmid profile of SEB eells
fies soreened
KSL190 4.5 % 10 " M ethidium 230 224974 pSNL pSN2, pSN3
bromide
K&1390 None 57K 284 (50 ,) PSN1, pSN2, pSN3
Ksi109 None LOAR 0 NA"

" NA, Not applicable: KSI09 is a chromasomal SEB pmd;cor.

survivors were replica plated onto selective agar
and scored for chloramphenicol-resistant clones.
A number of Cmy’ colonies were found to produce
SEB by both Quchterlony gel diffusion analvsis
and nitrocellulose blot (Fig. 3B, lane 6). A con-
trol experiment fusing KS8I521 minicells with
protoplasts of KS1393 produced a large number
of Cm' clones, none of which produced SEB.

Minilysates of the Cm' SEB” isolates (from
the KS1522 minicell/KS1393 fusion) and the
Cm" SEB’ isolates {from both fusion experi-
ments) failed to show plasmid bands correspond-
ing to pC194 or to pSN2 (Fig. 3A, lane 5). These
results indicate that fusion of the KSI393 recip-
ient protoplasts with KSI522 minicells intro-
duced pC194 and pSN2 into the recipient in a
state which allowed immediate integration into
the host chromosome. Chromosomal integration
has recently been reported for pC194 (8). but
not for pSN2. Since SEB” cells did arise when
recipient cells were fused with K8I522 minicells
(containing pC194 and pSN2), but not when
KS8I521 minicells (containing pC194 only) were
used as the plasmid donor, we concluded that
pSN2 is an essential element for enterotoxi-
genesis in strain KSI390, Introduction of the
plasmids into the recipient in these experiments
apparently occurred in such a way that pC194
and pSN2 could only rarely establish autonomy.
These results indicated that if pSN2 is unable to
replicate in an autonomous fashion it must be
capable of integrating into the host chromosome
to support SEB synthesis. This behavior may bhe
due to cell membrane alterations introduced
during the protoplasting and fusion procedure
that are similar to the membrane changes sug-
gested by Novick et al. (11) to be responsible for
protoplast curing. Importantly, if removed from
the genetic background of KSI390, the plasmid
alone is incapable of supporting SEB synthesis
but seems to be a requisite for SEB production
in strain KSI390. These experiments also show
the requirement of a second element (probably
located in the chromosome) for enterotoxin syn-
thesis in KSI390.

Requirement of plasmid sequence for
SEB synthesis in KSI109. The results above
indicated that pSN2 is required for toxin pro-
duction in S. aureus KSI390. These results also

F16. 3. A, Agarose gel electrophoresis of cleared
Ivsate DNA. Lanes: 1, KSI1390: 2, KSI391: 3. KSI1392;
4, KSI393: 5, Cm' isolate of KSI393 fused with mini-
cells from KSI522. 6. S, aureus RN450; 7, KS1400. B,
Nitrocellulose blot assay of culture supernatants.
electrophoresed by 17 5¢ SDS-polvacrvlamide gel
electrophoresis and stained with affinity-purified.
“Llabeled anti-SEB: Lane 1 contains 1 pg of SEB.
Lanes 2 through 8 are culture supernatants from: 2,
KSI390: 3, KSI391; 4. KS1192; 5, KS1393; 6, KSI1393
fused with minirells from KSI522; 7. RN450; 8,

(S1400.

implied that pSN2 sequences could support en-
terotoxin B svnthesis from a chromosomal site
and pointed directly to the requirement of pSN2
functions for SEB svnthesis in chromosomal
SEB producers. To test this hypothesis, we con-
ducted a series of transformations between two
KSI390 derivatives and strain KSI110, a spon-
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taneous SEB  derivative of KSIH09, S, qurews
KSI110 fails to produce any material which
cross-reacts with anti-SEB immunoglobulin. We
chose transformation rather than the minicell
fusion technique used in other experiments be-
cause KS1109 and KSIT10 are resistant to chlor-
amphenicol (data not shown), presumably from
a chromosomal locus. The obvious difficulty in
transformations of this nature is that one cannot
select directly for the SEB™ phenotype. Further,
the screen emploved for picking SER® trans-
formants (agar medium containing antiserum) is
often complicated by protein A interactions.
There  re, each presumptive SEB’ isolate was
confirmed by Ouchterlony gel diffusion analvsis
of culture supernatants.

The results of these transformations are
shown in Table 3. Cleared lysate DNA from
KSI392 was nsed to transform KSI110. This
KSI[3490 derivative was isolated from the ethid-
tum bromide curing experiment described ear-
lier. KKI392 is an SEB  clone which is Pe' ‘T'e!
Mec' and which harbors all three of the plasmids
(pSN1, pSN2, and pSN3) that the parent strain
KS1390 possesses. When the KSI110 transform-
ants were analvzed, 24 SER’ clones (17) were
isolated from 2661 colonies screened. These
KSI110 transformants, although able to synthe-
size SEB, did not contain pSN2 autonomously.
When the reverse transformation was performed
(that 1s, when chromosomal DNA from KSI110
was used to transform KSI:392), 14 of 1,475 col-
onies {0.9%) were SEB” and contained the same
plasmid profile as the untransformed recipient.
It should be pointed out that this latter trans-
formation frequency is unusnally high for staph-
vlococeal chromosomal genes. Although we can-
not adequately explain this. it may represent the
movement of a transpositior-like activity as re-
cently proposed by Mallonee, Glatz. and Pattee
for entA (Proc. Amer. Soc. Microbiol. p. 197.
1981). In both of these experiments no sponta-
neous SEB® revertants were detected when un-
transformed recipients were plated directly to
antibody agar.

In a similar set of experiments, KSI391 (1.4,
a P> Te' Mec” SEB  cell which lacks pSN2, was
used as both donor and recipient in transfor-
mations with strain KSI110. When KSI391

TABRLE Y. Transformations between KSI1390
derivatives and KSI110

Nov of No of
Donor Recipient colonies colomes
sereened sER'
KSEg2 Ksle 2661 27
KS1m Kslito 2670 0
Ksho KSLw2 1475 14

KSIi1o KS1391 1,802 0
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cleared lvsate DNA was used to transform
KSI10, none  of the 2670 transformants
screened became SKB. T'o insure that the re-
cipient KSI110 culture was competent for trans-
formation, we also screened for recipients con-
taining pSN1 by selecting for t tracyeline resist-
ance. The T¢' phenotype appecred in the trans-
formed population at a frequency of about 1%
(32 of 2,670 clones). Minilvsates of these trans-
formants showed the presence of the 3.0-Mdal
Te¢' plasmid, pSN1 (data not shown). This 17
transformation frequency is the same as the
frequency obtained for the SER’ clones in the
KSE392/KSH 10 transformations  above and
showed competence for transformation was
present even though no SEB' clones were iso-
lated. When K&I110 chromosomal DNA was
used to transform KSI391 none of the 1892 re-
cipient clones screened were SEB”.

We conclude that functions specified by pSN2
in plasmid bearing strains are required for SEB
synthesis in K8 Additionally, this strain
must harbor pSN2 ‘r p3N2-like) sequences
within the host chromosome. This is consistent
with the observation that fusirns between
KSI393 protoplasts and minicells containing
pSN2 produce SEB' cells which appear to have
pSN2 chromosomally integrated.

DISCUSSION

The purpose of this study was to clarify the
role of pSN2 in SEB synthesis. This was neces-
sarv since this laboratory has shewn (14) that
the majority nf SEB" isolates examined produce
SEB without harboring this 1.15-Mdal plasmid,
vet pSN2 appears essential for enterotoxigenesis
in those strains carrving the replicon. We ap-
proached the resolution of this apparent contro-
versy by directly evaluating the phenotypic
expression and translation products of pSN2 in
the heterogenetic background provided by B.
subtilis. However, when we placed pSN2 into B.
subtilis SEB production was not obseived in the
transformant clones. This might be expected if
pSN2 were not fully expressed in B. subtilis or,
alternatively, if the plasmid did net contain the
SEB structural gene. However, on the basis of
the minicell and the in vitro assayvs we concluded
that the plasmid was expressed in these systems,
but that SEB was not produced. In a recent
review by Elwell and Shiplev (4), the authors
cite unpublished data from Novick's group
which suggests that pSN2 specified a 20,000-
dalton protein and an 11.000-dalton protein in
experiments similar to ours. We assume that the
20,000-dalton protein seen in their ~xperiments
is that identified by us as having a molecular
mass of 18000 daltons. In some in vitro transla-
tion experiments we have alsn seen a second
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polvpeptide of about 11,000 daltons that appears
to be pSN2 specific. We have been unable to
consistently reproduce these results and are con-
sequently unsure about the origin of this 11,000-
dalton protein. Additionally. unpublished nu-
cleotide sequence data of Novick (also cited by
Elwell and Shipley [4]) indicate that codons
corresponding to the amino acid sequence of
SEB (6} do not reside on the majority tapprox-
imately two-thirds) of pSN2.If the plasmid re-
quires a function provided by any staphylococeal
cell for SEB synthesis, then KSI400 (the RN {50
derivative containing pSN2) should have been
enterotoxigenic. However, KSI400 remained
SEB . Thercfore, it seetns likely that the strue-
tural gene for SEB does not reside on pSN2 but
that expression of the SEB’ phenotype requires
a second unlinked gene (the structural SEB
gene) not present in S. aureus RN450.

An obvious alternative to this interpretation
is that this cryvptic plasmid is not involved in
SEB svnthesis. In attempting to cure pSN2 from
KS1390 with ethidium bromide, we found a
spontaneous segregation of this strain to the
SEB" phenotype. Notwithstanding the ethidium
bromide treatment, the SEB phenotypic seg-
regation occurred in the absence of any demon-
strable effect on the intracellular residence of
pSN2. These SEB KSI390 segregants display
a phenotype similar to KS81400. Both strains
contain pSN2, vet are SEB . The high rate of
spontaneous segregation of SEB™ we have seen
is startlingly different than the curing observed
by Dornbusch et al. (3) of Mec' and SEB” phe-
notvpes in this same strain. These authors ob-
served a coelimination of the two markers (12.5%
of acriflavine-treated cells). Neither the Mec'
nor the SEB" phenotype was spontaneously lost.
The spontaneous SEB ~ derivatives we have iso-
lated continue to be resistant to methicillin (data
not shown).

Since we have shown that KSI390 segregates
the SEB™ phenotype at a high rate, one might
predict that KSI393 would become SEB . This
strain, although lacking pSN2, could be SEB~
due to the fact that it was a spontanecus SEB’
segregant. However, when minicells containing
pSN2 were fused with KSI393, the recipients
often became SEB". It is difficult to explain how
this could occur without concluding that pSN2
is required for enterotoxigenesis in strain
KSI1390. The fact that many Cm’ SEB" colonies
were isolated in this experiment can be explained
as the result of two processes. First, if all mini-
cells did not contain both pC194 and pSN2 one
would not expect a complete correspondence
between the Cm' and SEB” phenotypes. Second
and more important, SEB cells could arise if
instability in the SEB* phenotyvpe in KSI390 is
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due to a second element required for enterotox-
igenesis. If this segregation occurred in the ab-
sence of pSN2, that cell would remain SEB
even after introduction of the plasmid into the
cell.

Qur data indicate that pSN2 is required for
SEB svnthesis in chromosomal SEB producers
as well as in plasmid-bearing strains. This was
initially inferred from the fact that KS1393 Cm'
SEB’ recipients in minicel] fusion experiments
contained neither p(C194 nor pSN2 as autono-
mous replicons. Both elements became chro-
mosomally incorporated. Originally, pSN2 could
replicate autonomously in strain K8[390. One
might suggest that the lack of autonomy dis-
playved by the plasmids was an artifact of the
protoplast fusion technique. However, this ex-
planation is difficult to reconcile with the fact
that a similarly constructed strain, KSI400, con-
tains autonomous pC194 and pSN2 replicons.

In accordance with the suggestion that pSN2
could support SEB synthesis from a chromo-
somal site in KSI393, we found that an SEB~
KSI1390 derivative containing pSN2 (KSI392)
was able to complement a chromosomal SEB~
derivative to produce SEB. In these experiments
we detected no autonomous plasmids in the
recipient SEB" cells which would correspond to
pSN2. Since this plasmid did not appear in the
recipient, we infer that a pSN2 element must be
capable of integration into the recipient chro-
mosome to support SEB svnthesis. It would be
difficult to support this contention without hy-
bridization data, except that we have shown via
the minicell fusion experiment that pSN2 is
capable of integrating in the KSI390 chromo-
some in order to support SEB svnthesis. Because
only two species of DNA were contained in the
minicells, no other conclusions seem reasonable.
We are at present conducting hvbridization ex-
periments using the Southern technique {18) to
identifv the chromosomal site of pSN2 integra-
tion in strain KSI110 and to study the manner
in which integration occurs. .

What is the role of pSN2 in SEB synthesis?
We propose that pSN2 regulates SEB synthesis
by affecting the expression of the SEB structural
gene present on the chromosome of certain S.
qureus strains. This function (or functions) is
expressed whether the plasmid remains an au-
tonomous replicon or becomes chromosomal.
Any discussion of the nature of the regulation of
SEB synthesis by pSN2 would be highly specu-
lative at the present time.
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INTRODUCTION

The enterotoxins produced by the Gram positive pathogenic bacte-
rium, Staphylococcus aureus are a group of extracellular proteins
(Bergdoll 1972, Bergdoll et al. 1974) which are responsible for the
clinical symptomology of staphylococcal food poisoning. Although
many cases of staphylococcal food poisoning probably go unre-
ported, epidemiological data reveals that these enterotoxins account
for over 25% (Bergdoll 1972) of all reported food poisoning incidents.
While the immediate manifestations of enterotoxin food poisoning
are obvious to the clinician, any additional roles that these proteins
play during infection remain unknown. However, enterotoxigenic
strains have been isolated from patients with chronic osteomyelitis,
pseudomembraneous enterocolitis and scalded skin disease.

Research efforts to date have been primarily concerned with
enterotoxin purification, detection, and the regulation of toxin syn-
thesis. While these studies have contributed a considerable amount
of information regarding enterotoxin biochemistry and synthesis,
they have not advanced understanding of the molecular genetics of
toxin synthesis. Consequently, there exists a dearth of information
regarding the genetics of enterotoxin synthesis. Such information
could reveal molecular interrelationships of the various entero-
toxins, the transmissibility of the enterotoxigenic phenotype, and
linkage relationships with genes responsible for antibiotic resist-
ance or in the production of proteins involved in pathogenesis.

The present study was undertaken in order to clarify some aspects
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Microbiology, March 16, 1981, at Dallas, TX.

‘Contribution No. 81-497, Division of Biology, Kansas Agricultural Experiment
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of the molecular genetics of enterotoxin synthesis. Although six dis-
tinct enterotoxins have been purified and enterotoxins A (SEA) and
D (SED) are most commonly associated with food poisoning out-
breaks; enterotoxin B (SEB) was chosen for genetic analysis because
previous work by others (Bergdoll 1972) suggested that the SEB
structural gene was extrachromosomal and was not linked to genes
responsible for antibiotic resistance. This in turn, could conceivably
provide insights which would facilitate the genetic analysis of the
other enterotoxins.

GENETICS OF SEB

The genetic analysis of enterotoxin B production initially proved
difficult to accomplish because of the inability to select directly from
the SEB’ phenotype. This problem seemed to be alleviated when
Dornbusch et al. (1969, 1973) analyzed SEB production in the
methicillin-resistant (Mec”) clinical isolate Staphylococcus aureus
strain DU-4916 (KSI 390). Table 1 is a list of the major pertinent S.
aureus strains mentioned in this report. The remaining strains are 1
described in Tables 2 and 3. In transduction and elimination exper-
iments these authors demonstrated an association between the Mec
and SEB’ phenotypes. This association suggested physical linkage
between the Mec® and SEB genes on a plasmid. Transduction of the
Mec® phenotype into a methicillin-sensitive (Mec®) recipient nearly
always resulted in co-transduction of the SEB" phenotype. Addition-
ally, when these authors also treated this same strain with acrifla-
vine, an agent known to induce plasmid loss, Mec® derivatives
always lost the capacity to produce SEB.

Although the association between the Mec® and SEB’ characters
is unclear at this point, it is now obvious that they do not co-exist on ]
any stable plasmid species. However, other studies have shown that
SEB synthesis is indeed associated with a particular class of plas-
mid found in a variety of SEB’ isolates. Shalita et al. (1977) exam-
ined the Dornbusch strain, DU-4916 (KSI 390), and found that the
ability to produce SEB was associated with a small plasmid, whose
molecular weight was estimated at 0.75 X 10°. This plasmid has
since been designated pSN2 and is shown as the peak of fraction 23
in Fig. 1A,

Our laboratory confirmed the association between pSN2 and ente-
rotoxigenicity in S. aureus DU-4916. The data presented in Fig. 2
demonstrate that pSN2 must be present in certain strains for the
expression of SEB. The plasmid profiles of the strains shown in

R
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(C PMa10”)

I4- THYMIDINE

FRACTION

FIG. 1. DIRECT NEUTRAL SUCROSE GRADIENTS OF CLEARED LYSATES OF S. AUREUS

(A) cloaed circles, strain DU-4916: open circles, strain KSI1391; (B) strain S6;(C) strain 277, (D) strain
279. In A, the position of the marker DM A's (p1524-plasmid fraction 4 and polyoma virus-fraction 19)
is indicated. Cleared lysates were centrifuged through 5-20% neutral sucrose in 1X SSC-0.05M
tristhydroxymethyl) aminomethane, pH 7.9 in an SW50.1 rotor for 180 min at 45,000 rpm.

lanes D and E show that when the donor (lane C) contained an
autonomous pSN2 plasmid, SEB was only expressed in those trans-
ductants which also carried the plasmid as an independent replicon.
Furthermore, we extended this observation (Shafer and landolo
1979) by showing that a signifcant number (37.5%) of the Mec* SEB’
isolates examined (Table 2) contained a plasmid with the same
molecular weight (1.5 X 10%) as pSN2. Transductional analysis using
these plasmid-bearing strains as donors was similar to that
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FIG. 2. DEPENDENCE OF SEB PRODUCTION UPON THE PRESENCE OF pSN2

(A) electrophoretically purified pSNZ; (B) cleared lysate DNA from the SEB recipient strain 8325-
4(0-11); (C) cleared lysate DNA from the SEB’ donor strain NDU-4916; (D)) cleared lysate DNA from
an SEB’ tranaductant of 8325-4(0-11); (E) cleared iysate DNA from an SEB' transductant of 8325
4(0-11). Tranduction was mediated by phage 29 grown on S. aureus DU-4916. Note the presence of
pSN2 in the SEB’ strain (D) and its absence in the SEB strain (E).

mentioned above and clearly implicated this plasmid specie in SEB
synthesis in these strains, as well as in S. aureus DU-4916.

In the majority of Mec® SEB’ strains examined (62.5%), however,
we were unable to find any plasmid DNA associated with SEB syn-
thesis (Table 2). Rather, these isolates appeared to produce SEB
from a chromosomal site. Additionally, those Mec® SEB’ isolates
which our laboratory examined also seemed to be “‘chromosomal”
rather than “plasmid-associated” SEB producers. Genetic analysis
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Table 2. Plasmid DNA profile of Mec* SEB' strains'

Strain Molecular Weight of Plasmids’ SEB Synthesis®
DU-4916 175 (Pc”y, 3 (Tc"), 1.15(SEB") 50.0
592 17.5 (Pc"), 3(Tc™, 1.15 (SEB’) 25.0
Kasanjian 224,31 30.0
57-dk 175 (Pc™), 3.0 (Teh 23.0
5814R* 22.4 (Pch, 1.8 (Cm" 15
Meuse 17.5,3.0 220
Japan 20,3 23.0
Dumas 20.3,1.15 21.6
5106R 20,3 16.7
7074R 20,3,1.15 11.9
5619 20,3,1.15 14.3
69129 20,3,1.15 155
COL 3(Tch 125
456-33 20 18.0
5205-R - : 34
639451 20 109

*Expressed in Megadaltons as determined by agarose gel electrophores:s
*Expressed as ugs per ml as determined by Laurell i ophoresis
“All strains except for DU-4916 were supplied by B. Wilkinson
“A Mec® SEB’ derivative (5814S), obtained from B. Wilkinson, was fourd to contain an identical
plasmid profile
‘Brackets indicate identified plasmid phenotypes. Unanalyzed pl ids were pr d to code for
phenotypes appropriate to their size class

of these latter 2 groups is summarized in Table 3. None of the Mec®
strains examined (with the exception of KSI391—a cured derivative
of DU-4916) showed any plasmid influence on SEB production and
none contained a plasmid similar to pSN2. Figure 1 is typical of a
neutral sucrose gradient of the resident plasmids carried in these
organisms. Panel A (closed circle) shows strain DU-4916 which con-
tains a prominent peak (fraction 23) corresponding to pSN2. The
open circles are from an SEB" derivative of strain DU-4916 (KSI391)
and clearly lacks a pSN2 peak. Panels B, C and D are from various
Mec® SEB’ strains and they also lack pSN2 but carry other plasmids
of larger size that are unassociated with SEB production. This last
observation, that the majority of SEB' strains examined do not con-
tain a pSN2-like plasmid, could be explained in several ways. The
plasmid, serving as the reservoir of the SEB structural gene, might
be capable of existing as an autonomous replicon or as a chromo-
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Table 3. Marker analysis

Plasmid Profile

RO

Strain Mec” SEB’ Size (Mdal) Relevant Phenotype®
S6 - + 175 cd*
$6Cd" — + None —
i FRI 277 - + 15 Pc* Cd*
i 3 TC'
FRI 279 - + 15 Pc* Cd*
3 Tc*
FRI 277 Pc* Cd° — + 3 Tc*
8325-4(911) — — None —
8325-4(911XC4d"y - - 175 cd*
; 83254(011XTc*y - - 3 Tc*
I DU-4916 (KSI3%90) + + 17.5 Pc* Cd*
‘ 3 Tc*
] 12 SEB’
[ DU-4916S (KSI391y - - 3 T
{ CoL + + 3 Te*
E 57-dk + + 17.5 Pc" Cd*
‘ 3 Tc*
i 5814R + + 22 .4 Pc" Ca"
E 18 Cm”*
i

"SER produced in a 36 h 3% NAK-PHP broth cuiture

"Mec”, methicillin resistant

These strains are various genetic derivatives. KS1391: Mec', Pc’, SEB , Tc" derivative of DU-4916
(8. Cohen). 83254911) Cd": obtained by transducing the Cd” plasmid from S6. 83254(#11) Tc™:
obtained by transforming 8325-4(#11) with the Tc” plasmid by FRI277. FRI277 Pc" obtained by
eliminating Pe” plasmid from FRI277. S6Cd" obtained by eliminating Cd” plasmid from Sb.

somally integrated specie. Alternatively, the plasmid might not be
involved in enterotoxin synthesis. The association seen by many
laboratories between pSN2 and SEB synthesis could merely be for-
tuitous. A third, albeit unlikely, possibility would be that plasmid-
specific functions are required by “plasmid-bearing” SEB producers
for SEB synthesis and that these functions are not required by so-
called “chromosomal” SEB producers.

We addressed the question of a plasmid requirement for SEB syn-
thesis by a variety of approaches (Dyer and Iandolo 1981). The first
of these was to assess whether the plasmid could confer enterotox-
igenicity upon an unrelated host. Since Bacillus subtilis has proven
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to be an effective alternate host for a variety of staphylococcal
plasmids (Gryczan et al. 1978, Chang and Cchen 1979, Shivakumar
et al. 1979), we felt that transferring pSN2 from S. aureus strain
DU-4916 to B. subtilis 168 would effectively isolate the presumed
toxin gene against a relatively innocuous genetic background. How-
ever, when we placed pSN2 into B. subtilis 168 (see Fig. 3A), none of
the recipients were able to produce SEB. In these experiments we
selected for recipients co-transformed with pC194, a 2.0 Mdal
staphylococcal plasmid specifying chloramphenicol resistance. This
plasmid is known to be faithfully expressed in B. subtilis 168 (Gryc-
zan et al. 1978, Chang and Cohen 1979), and served as an internal
control for plasmid expression.

Since the B. subtilis 168 transformants that harbored pSN2 were
not capable of elaborating SEB, we were faced with a variety of
alternative explanations. Two alternatives were considered: (1)
pSN2 might not be expressed in the B. subtilis host. This seemed
unlikely, since both pC194 and pSN1 (see Fig. 3A) were faithfully

I 2 3

A B

FIG.3. PANEL A: CLEARED LYSATE DNA FROM

(1) S. aureus RN2425, containing pC194; (2) B. subtilis KSI501, containing pC194; (3) B. subtilis
KS1502 containing pC194 and pSN2;(4) B. subtilis KS1503 containing pC194, pSN1 and pSN2;(5) S.
oureus DU-4916 containing pSN1, pSN2 and pSN3; (6) B. subtilis 168 showing no plasmid DNA.
Panel B: Cleared lysate DNA from: (1) KSI520, containing no plasmids; (2) KSIS21, containing only
pC194; (3) KSI522, containing pC194 and pSN2.
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expressed (KSI502 is both Cm* and Tc*; pSN1 is the 3.0 Mdal Tc*
plasmid from strain DU-4916). Consequently there seemed no bar-
rier to expression of pSN2; (2) pSN2 might be expressed in the B.
subtilis 168 transformants in exactly the same fashion that the
plasmid is expressed in the S. aureus host, but pSN2 does not con-
tain the SEB structural gene. To assess the expression of pSN2 in
the B. subtilis host we transferred purified pSN2 into B. subtilis
CU403 divlV-B1, a minicell-producing strain. Again, we selected
recipients co-transformed with pC194 (see Fig. 3B). Strain KSI1522,
like the B. subtilis 168 transformants containing pSN2 that we orig-
inally isolated, did not produce any detectable enterotoxin B.

We isolated minicells from KSI521 (containing pC194) and from
KSI522 (containing both pC194 and pSN2) and labelled plasmid-
specific proteins with **S-methionine using the conditions specified
by Shivakumar et al. (1979). When analyzed by SDS-polyacrylamide
gel electrophoresis, extracts from KSI521 minicells (containing
pC194) showed the presence of a single 22,300 dalton protein (Fig. 4,
lane A). This was the C-1 protein previously demonstrated by Shiv-
akumar et al. (1979) to be pC194-specific. Minicell extracts from
KSI1522 (containing pC194 and pSN2) contained two plasmid-
specific proteins (Fig. 4, lane B), the 22,300 dalton C-1 protein of

A B C D E F.
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FIG. 4. ANALYSIS OF pSN2 SPECIFIED PROTEIN PRODUCTS BY 17.5% SDS-
POLYACRYLAMIDE GEL ELECTROPHORESIS

(A) S-methionine labelled proteins from KSI521 minicells containing pC194; (B) *’S-methionine
labelled proteins from KSI522 minicells containing pC194 and pSN2; (C) '"'I labelled SEB; (D)
“C-labelled molecular weight markers: cytochrome C, 12,400 dal; chymotrypein, 25,000 dal; oval-
bumin, 45,000 dal; bovine serum albumin, 65,000 dal; (E) "’S-methionine labelled proteins from an E.
coli S-30 extract programmed with 5 ug pSN2; (F) endogenous activity in E. coli S-30 extract.
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pC194 and a second protein of 18,000 daltons which was pSN2-
specific. Not only was this second protein 10,000 daltons smaller
than the mature SEB molecule (28,366 daltons (Huang and Bergdolil
1970), see Fig. 4, lane C), but it did not react with affinity-purified
anti-SEB immunoglobin (Dyer and Iandolo 1981). We also placed
PSN2 into an in vitro coupled transcription-translation system
charged with an Escherichia coli S-30 extract (Miller 1972), and
found that pSN2 specified again only an 18,000 dalton protein (Fig.
4, lane E). A recent review by Elwell and Shipley (1980) cites unpub-
lished data from Novick’s group which suggests that pSN2 specified
a 20,000 dalton and an 11,000 dalton protein in experiments similar
to ours. We assume that the 20,000 dalton protein seen in their
experiments is that identified by us as having a molecular weight of
18,000 daltons. In some in vitro translation experiments we have
also seen a second polypeptide of about 11,000 daltons that appears
to be pSN2-specific. We have been unable to consistently demon-
strate that this is a second pSN2-specific peptide and are conse-
quently unsure of its origin.

We concluded that pSN2 was at least partially expressed in B.
subtilis but was not capable of coding for SEB in this heterogenetic
host. Based on these assays, we still could not distinguish whether
the plasmid actually contained the SEB structural gene. Since we
had only accounted for 28% of the maximum coding capacity of
pSN2 (assuming no over-lapping genes), the plasmid might possess
the SEB structural gene although unexpressed in these systems.
This could be explained simply enough if pSN2 requires some factor
peculiar to the staphylococcal protein synthetic apparatus for
expression of the SEB structural gene. In our laboratory, an in vitro
coupled assay system using a staphylococcal extract similar to the
E. coli extract employed earlier gave poor or variable results. How-
ever, we reasoned that, if the SEB structural gene resided on pSN2
and merely required a staphylococcal host for expression, we should
be able to transfer pSN2 from the B. subtilis host back to an SEB" S.
aureus recipient and regain enterotoxigenicity. We accomplished
this transfer by fusing protoplasts of S. aureus RN450 {a strain
which does not harbor any plasmid or demonstrable lysogens (Nov-
ick and Bouanchaud 1971)} with protoplasts of purified minicells
from KSI522 (containing pC194 and pSN2). A number of Cm” recip-
ients were isolated, all of which contained pSN2 (see Fig. 5) but were
still unable to produce SEB. These data increased our suspicions
that pSN2 did not contain the SEB structural gene.

This is consistent with unpublished nucleotide sequence data from
Novick’s laboratory (cited in Elwell and Shipley 1980) which
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FIG.5. CLEARED LYSATE DNA FROM S. AUREUS STRAINS

(1) KS1390; (2) KS1391;(3) KS1392: (4) KS1393:(5) Cm" SEB" isolate of KSI393 fused with minicells of
B. subtilis KSI522; (6) RN450; (7) KS1400.

indicated that codons corresponding to the amino acid sequence
(Huang and Bergdoll 1970) of SEB did not reside on the majority
(approximately 2/3) of pSN2. These observatons also raised the pos-
sibility that pSN2 was uninvolved in SEB synthesis. Therefore we
re-examined the involvement of pSN2 in SEB synthesis in strain
DU-4916. We cured pSN2 from strain DU-4916 using the protoplast
curing technique of Novick et al. (1980) and the resulting derivative,
KSI393 (see Fig. 5) indeed had lost the capacity to produce SEB.
When we re-introduced pSN2 into KSI393 by fusing KSI522 mini-
cells with KSI393 protoplasts, the resulting Cm* recipients were
often SEB’. Since the appearance of both the Cm* and SEB’ pheno-
types in KSI393 occurred only when we used minicells containing
pC194 and pSN2 (but not minicells containing only pC194) in fusion
experiments, we concluded that pSN2 is required for SEB synthesis
in strain DU-4916. Although critically required for SEB synthesis in
strain DU-4916 (and by inference, in other plasmid-bearing SEB’
strains), we do not believe that the plasmid is the reservoir of the
SEB structural gene. This conclusion is based upon the partial
nucleotide sequence determined in Novick’s laboratory, and our
inability to demonstrate any SEB-coding capability in pSN2. Clearly,
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the expression of the SEB’ phenotype is dependent upon the interac-
tion of two physically unlinked genetic elements.

A second important observation was made in the experiments
where we fused KSI393 prctoplasts with minicells containing pC194
and pSN2. When we checked the plasmid profiles of the KS1393
recipients which became Cm”® SEB’, we found that these organisms
did not contain autonomous pC194 or pSN2 replicons (Fig. 5). The
obvious conclusion was that both plasmids became chromosomally
integrated, a behavior reported for pC194 (Martin et al. 1981) but not
for pSN2. In essence, what happened is that we converted a
“plasmid-bearing” SEB producer (strain DU-4916) into a “chromo-
somal” SEB producer by removing pSN2 from DU-4916 and re-
introducing it in such a way that chromosomal integration became
the preferred manner for the cell to retain the incoming plasmid.
How the switch was made to allow the plasmid to integrate rather
than to remain autonomous is not clear at present. However, the
integration of pSN2 into the host chromosome seen in these Cm”
SEB’ KSI393 recipients directly suggested that the distinction
between “plasmid-bearing” and “chromosomal” SEB producers is
quite artificial: both require pSN2-specified functions for SEB syn-
thesis, the difference merely being the final disposition of the resi-
dent pSN2 element.

This line of reasoning predicted that we should be able to convert
an SEB™ derivative of a chromosomal SEB producer to the SEB’
phenotype, if the SEB’ trait is due to the loss of pSN2-specific func-
tions. Consequently, we undertook a series of transformations using
two SEB™ DU-4916 derivatives. One derivative, KSI391 (Fig. 5),
lacks pSN2, while a second, KSI1392, contains pSN2 but lacks the
second element critical for enterotoxigenesis (presumably, the SEB
structural gene). Cleared lysate DNA was used to transform strain
KSI110, a spontaneous SEB derivative of strain S6. Strain S6 is a
typical chromosomal SEB producer (Shafer and Iandolo 1978). We
obtained SEB’ cells when strain KSI110 was crossed with KSI392
(containing pSN2, see Table 4), but not when KSI391 (which does
not contain pSN2) was used. In these experiments, the SEB’ deriva-
tives of stain KSI110 did not contain an autonomous pSN2 element.
This is an important observation for two reasons. Firstly, it indi-
cates that strain S6 probably contains pSN2 inserted at a chromo-
somal site and that pSN2-specific functions (absent in KSI1110) are
required for SEB synthesis in this naturally occurring “chromo-
somal” SEB™ producing isolate. Secondly, the fact that pSN2 inte-
grated in these KSI110 recipients suggests that integration is a
function of the host cell and is independent of the method used to

53




R

g~

THE STAPHYLOCOCCAL ENTEROTOXINS 261

Table 4. Transformations between DU4916 derivatives and KSI110

Donor Recipient Colonies Screened SEB’
KSI392 KSI110 2661 27
KSI391 KSI110 2670 0
KSI110 KSI1392 1475 14
KSI110 KSI1391 1892 0

introduce the plasmid into the recipient cell. This is important, since
the conditions we used to force pSN2 integration into the KSI393
chromosome were the same that we originally used to cure pSN2
from DU-4916. The conditions that were used to transfer pSN2 into
strain KSI110, on the other hand, would not be expected to unduly
impair plasmid replication, since these transformation conditions do
not induce the major cell membrane alterations that the protoplast
fusion technique probably does (Novick et al. 1980).

One important question concerning the integration of pSN2 into
the S. aureus chromosome is the location of the integrated plasmid.
Recently, Pattee and Glatz (1980) attempted to transform the entB’
phenotype in strain S6 and S. aureus C234. However since these
determinants were apparently located outside the three linkage
groups of known staphylococcal genes (see Pattee and Neveln 1975
for details of these mapping procedures), they were unable to convert
a set of multiply-marked auxotrophic derivatives of NCTC 8325 to
SEB' and the location of the genes governing SEB could not be
determined. Even if they were successful, these experiments would
be difficult to evaluate since our laboratory has shown that two
determinants (pSN2 and the presumed SEB structural gene) are
required for enterotoxigenesis.

Our current understanding of the genetic basis for SEB synthesis
can be summed up best as follows: SEB synthesis requires a func-
tion (or functions) specified by pSN2, which can exist either as an
autonomous replicon or as a chromosomal integrate. The plasmid
probably does not contain the structural information for the SEB
toxin but instead acts in some fashion critical to the expresion of the
SEB’ phenotype.

GENETICS OF SEA

There have been no reports as yet associating enterotoxin A pro-
duction with plasmid DNA, as has been shown for SEB. Instead,
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SEA appears to be the product of a chromosomal determinant. Our
laboratory has shown that SEA production is not plasmid-associated
in S. aureus and FRI100 (Shafer and Iandolo 1978b) (Table 5). Pattee
and Glatz (1980) mapped a determinant critical for SEA production
in strain S6, and found that this determinant (entA’) resided on the
chromosome between the pur-110 and ilv-129 markers, in linkage

Table 5. SEA analysis of test strains

Strain Plasmid Profile SEA
FRI100 None +
S6 17.5 Mdal +

- 86 (Cd) None +
RN450 (Cd") Cd’ from strain S6 -
RN450 None —_

group III of the S. aureus chromosome. In this same study the entA’
gene of FRI-196E was shown not to be located at this same position

.. between pur-110 and ilv-129. Indeed, the FRI-196E entA” determi-

j nant could not be located in the three known linkage groups of the S.
aureus genome. In a second study, Mallonee et al. (1981) mapped
the entA’ determinant from 50 SEA’ strains, and found that 23 (46%)
of these SEA" strains contained the entA’determinant in the same
location between pur-110 and ilv-129 as strain S6. Of the remainder,
22 strains (44%) were genetically incompatible with the multiply-
marked auxotrophs these authors used for mapping studies; the
remaining 5 SEA” strains tested contained an entA” determinant
similar to FRI-196E in that these entA” determinants were not
located within known regions of the staphylococcal genome. This
variability in the location of the entA” determinant is believed by
these authors (P. A. Pattee, pers. comm.) to be presumptive evidence
that the entA’ gene resides on a transposable element.

GENETICS OF OTHER STAPHYLOCOCCAL ENTEROTOXINS

Little has been done to investigate the genetic basis for SEC, SED,
and SEE. However, since SEC is closely related immunologically to
* SEB (Spero et al. 1978) and since SEA, SED, and SEE all share
common antigenic determinants (Bergdoll 1972) each of these two
groups of enterotoxins probably share a common genetic basis.
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Betley and Bergdoll (1981) have recently shown that SEC was not
associated with extrachromosomal DNA in five strains examined,
which is comparable to the finding that the majority of SEB-
producing organisms appear not to harbor plasmid DNA associated
: with enterotoxin production. No information concerning the genetic
. W disposition of SED or SEE or SEF has been presented, to our

F knowledge.

P CONCLUSIONS

It now seems apparent that the previously held notions regarding
the genetic regulation of the staphylococcal enterotoxins were in
error. Neither plasmid nor chromosomal genes alone can be shown
in a straightforward manner to govern the expression of these tox-
ins. Instead the emerging picture is complex and most probably due ]
to the functioning of 2 or more genes. Also because of the clinical i
l and chemical similarities of the enterotoxins, it is very likely that
similar regulatory mechanisms will eventually be described for all
serotypes.
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ADDENDUM

Since this review was written, a report has appeared (Kahn and

Novick. J. Bacteriol. 149, 642-649) in which the authors conclude

- that the plasmid pSN2 is not involved in SEB synthesis. The major
experimental proof supporting this position consists of dot hybridi-
zations demonstrating the-absence of pSN2 homology in chromo-
somal SEB producers. We have recently presented evidence (Dyer
and Iandolo. 1982. Absts. of the Ann. Mtg. of the ASM. abst D43. p.
54.) using the more sensitive Southern blot hybridization refuting
Kahn’s and Novick’s interpretation. Our data demonstrate pSN2
homology in chromosomal SEB producers and in the chromosomal
SEB producers we genetically constructed.
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